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INTRODUCTION 

By James B. Allison 

Bunau o] Biological Research, Rutgers UrdvcnUy 

This conference on “Proteins and Protein Hydrolysates in Nutii- 
tion” is being held, I believe, on the threshold of a new era in nutrition. 
We have had the eras of calories, of vitamins, and now we find our- 
selves in the era of proteins and amino acids. In each of these periods, 
special attention has been given to these limited aspects of nutrition, 
but sufScient regard has not been given to the interrelation between 
them. We are now ready to give more attention to these interrela- 
tions, realizing that living systems must receive the proper proportions 
of all essential ingredients in the diet to maintain health, each in- 
gredient having an important role to play, singly and in relation to 
others, in building, maintaining, and repairing the living machine. 
Thus, a new era of integi-ation arises, correcting the distorted concepts 
of the past, and making possible the development of modern di^t 
therapies, such as those to be discussed in this conference. 

Wc shall center our attention on proteins and amino acids, at no time 
forgetting the relation of those important ingi-edients to others in the 
diet. We know that the amino acids work as members of teams of 
various combinations to build a hormone or an enzyme ; to form a bit 
of tissue or an antibody to disease; to repair a peptic ulcer or to heal 
a wound. Wc shall study these amino acids, and the proteins which 
furnish them, to discover the job they do in maintaining life in normal 
tissues or in rejiairing damage to injured ones. 

The war has taught us to cooperate in research and to look boldly 
into the future, building the new on the substantial contributions of the 
past. The biochemists, the physiologists, the clinicians, at this con- 
ference, look together at the field of protein and protein hydrolysates 
in nutrition, first at the over-all job the amino acids do in different 
combinations in building and in maintaining the living machine, and 
then at the application of this knowledge to modern protein therapy. 


( 243 ) 




THE DETERMINATION OF THE NITROGEN 
BALANCE INDEX IN NORMAL AND 
HYPOPROTEINEMIC DOGS* 

By JAMEb B. Allison, John A. ANDERbON, and Robert D. Seeley 
Blucou of Biolo(jic(tl liei>La)ch, Rutgen University, New BiuniiWick, N, J. 

Food protein nitrogen, entering into the dynamic equilibrium of the 
body, develops a characteristic nitrogen balance, reflecting the reten- 
tion of nitrogen by the body. Recognizing the fundamental nature of 
the fraction of nitrogen retained in the body, Mitchell and others ( 1944) 
have called it the “biological value” of the protein. The significance 
of “biological value” [BV), correlated with nitrogen balance (NB) and 
absorbed nitrogen {AN), was illustrated by Allison and Anderson 
(1945), in the following equation: 

NB -= {BY) (AN) - EN, (1) 

where EN is so-called body or endogenous nitrogen. Nitrogen balance 
{NB), absorbed nitrogen (AN), and endogenous nitrogen (EN) must 
be known, before the “biological value” (BV) can be calculated. Un- 
fortunately, EN cannot be calculated with certainty. Schoenheimer 
and Rittenberg (1940), for example, have demonstrated a dynamic 
equilibrium between the tissucb and the surrounding media which makes 
a separation of food nitrogen from l)ody nitrogen a difiicult, perhaps 
impossible, task. This comj)letc intermingling of body nitrogen and of 
food nitrogc'n docs not prevent, however, the expression of the utiliza- 
tion of food nitrogen in terms of the two fundamental variables, nitro- 
gen intake and nitrogim output. The retention of nitrogen in the 
body is a function of tliese two variables, the relationship between 
vdu(‘li must be establislied to permit a logical approach to the subject 
of nitrogc'n metabolism. (Jiven a knowledge of this relationship, nitro- 
gen sources can be studied: (1) according to the nitrogen balances pro- 
duced; and (2) according to specific nitrogen retention, as, for example, 
in the formation of plasma proteins. Studies such as these, using adult 
dogs as experimental animals, arc in progress in our laboratories. The 
data obtained, both publislied and unpublished, on the correlations of 
nitrogen balance with nitrogen intake, in normal dogs, and with intake 

‘ These stiirtie.s wore supported by the Piotein Metabolism Fund of the Bureau 
of Bioloslcnl nosoaich, Ilutffers University, and were undertaken, in pai't, in 
oooiuu’iitioii with the Quai termastor Corps Committee on Pood Research. 
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and plasma protein regeneration, in Iiypoprotcinemic dogs, are re- 
viewed in the following pages. 

METHODS 

Adult dogs in good health, weighing from 6 to 10 kg. and made para- 
site-free, were used in these studies. 

The protein-free diet, similar to one used by Melnick and Cowgill 
(1937), is recorded in table 1. The daily caloric intake was adjusted 
to maintain an optimal nutritive condition as estimated by Cowgill 
(1928). This intake varied, according to the needs of each dog, from 
60 to 100 calories per kilogram of body weight per day, and was kept 
constant during an experimental period. Proteins were included in 
the diet, by replacing equivalent amounts of calories from carbohy- 
drate. When a natural foodstiiff containing protein was added to the 
protein-free diet, adjustments were made for the carbohydrate and 
fat content of that foodstuff, the caloric intake being kept constant. 


Tablk 1 


ProteifirFree Diet 

Vitamin Supplements 


Per Kilogram 
Body Weight 


Mg. per Kilogram 
Body Weight 

Per Day 

Calories 

1 Grams 




Thiamin 

0.025 




Riboflavin 

.025 

Sucrose 

14.0 

3.50 

Nicotinic acid 

.250 

Dextrin 

12.6 

3.15 

Calcium pantothenate 

.200 

Glucose 

21.4 

5,35 

Pyridoxine 

.015 

Lard 

32.0 

3.55 

Choline 

15.0 

Salt* 

— 

0.30 

2-Methyl-Napthoquinone 

.00001 

Agar 

— 

0.40 

Calcium a tocopherol 





monosuccinate 

0.5 


— 

— 

Navitol (Squibb) 

470 Units A 


80.0 

16.25** 


85 Units D 


• Wesson’s Modified Osborne-Mendel Salt Mixture. 

•• Mix 1.4 grams of water with every gram of dog food. 


In the early experiments, the rations were fed for eight days, feces 
(with carmine markers) and urine being collected for analysis tlie last 
four days. In later experiments, the adjustment period was some- 
times reduced from four to three or even two days, and the collection 
period to three days. The feces and urine samples, kept separate as 
daily samples or pooled for the collection period, were analyzed for 
nitrogen by the micro-Kjeldahl method, using selenium oxychloride as 
the catalyst. 



ALLl&ON AND OTHERS: NITROGEN BALANCE INDEX IN DOGS 247 


The dogs, for plasma protein regeneration studies, were depleted by 
feeding the protein-free diet at a constant and adequate caloric intake. 
Two days of fasting, followed by two or three days of plasmapheresis, 
were usually used to speed up the rate of depletion. After this, the 
dogs received the protein- free diet, until the plasma protein concentra- 
tion was reduced to approximately 4.0 gms. per cent and was essentially 
constant (Seeley, 1945). 

Plasma volumes were determined, using the dye T-1824, according 
to the technique described by Gregersen and Stewart (1939). Plasma 
proteins were separated into “albumin” and “globulin” fractions, by 
the method of Howe (1921), as modified by Robinson, Price. flnH 
Hogden (1937). 


RESULTS 

The relationship between nitrogen balance (NB) and absorbed pro- 
tein nitrogen (AN) in adult dogs was shown by Allison and Anderson 
(1945) to be linear in the region of negative and low positive nitrogen 
balance. The equation for this relationship is : 

NB = K (AN) - NEo, (2) 

where K is the slope of the line and NEq the excretion of nitrogen on 
the protein-free diet.* Equation 2 describes, for example, the linear 
portion of the curve drawn through the white circles in figueb 1A. 
These circles, correlating absorbed nitrogen with nitrogen balance, are 
averaged data, obtained while feeding casein to three dogs. The y in- 
tercept or NE^ is 2.54 gms/day/sq.M. of body surface area; absorbed 
nitrogen at equilibrium is 3.1 gms/day/sq.M.; and K, the slope of the 
straight line, is 0.82. This slope, the rate of change of nitrogen balance 
with respect to absorbed nitrogen, is a function of the retention of nitro- 
gen, and is the “biological value” {BV), if NEo in equation 2 equals 
EN in equation 1. The value of K, however, need not be identical 
with BV, It is suggested, therefore, that K be called the nitrogen 
balance index, rather than the “biological value” of the protein. The 
line in fkiuke 1A becomes obviously curvilinear with increasing nitro- 
gen intake on the positive side of nitrogen balance. Thus, the nitrogen 
balance index (K) , which is constant in the region of negative or low 
positive nitrogen balance, is a decreasing variable at higher nitrogen 
intakes. 

• After this review was submitted for publication, a paper by Bxloker, U«, 
B. B. BoatcheU, ft a. K. Kinsman (1945) proved that this same relationship de- 
scribed data obtained in man. 



248 


Ay-ri kjrk academy of sciences 



PROTEIN NITROGEN Gms/Day/Sq.M. 


fioLBL 1 Nitrogen intake m gnib/du\ /bo M , plotted agauibt nitiogon iMlanco (\, B) oi mine 
nitiogen (C, D), in gms/da>/bq M of body suilace Ihese aie uciige data obiainod oii (hire 
dogs (A) The white (iides toiidate absoibed casein nitiogcn the bluk cuclrs, total (asem nilio- 
grn intake with nitrogen balance (B) The white squaies coneliff ibsoibed nitiogdi, the black 
squares total mtiogen intake, with nitiugen bilaiue loi e\peiiiii(iits on the thne dogs KHoninpr 
a demed soybean piotein (piotein A) (C) Tho white ciicles coiicl ito absoibed cisun niliogrn 
with mine nitrogen, in tlie same espoiiment desiiibed in (A) (D) Tho white s<|ii lies u range 

(lita obtuned on tlie protein demed liom sovbcan (dita ( iktn iiom Allison and AJiderson, 

Absorbed nitrogen tA*V), in equation 2, is calcnliilod from (bo (otal 
nitrogen intake {XI) as follows: 

AN = /> X NI, (3) 

■where D is true digestibility. Since D is essentially constant for any 
one protein, then 

NB = K' {ND - NE„ (4) 

where K' is the rate of change of nitrogen balance, with respect to total 
nitrogen intake (XI). The black circles, in iigubb 1A, correlate NI 
with A 5, so that a line drawn through these circles would liai’c a slope 
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equal to K\ Since tlic digestibility ol casein is 0.96, there is little 
difference between K and A”' tor casein 
Th(‘ie IS a nioie marked difterence bet w etui K and K\ in fiouke IB, 
which illustrates data obtained while t(‘ediug a protein derived from 
soybean (protein A). In this figure, the white sciuares correlate ab- 
sorbed nitrogen, and tlic black squaies, total nitiogcn intake, with 
nitrogen balance. The slope of the line drawn through the w'hite 
squares is 0 4 (A") and through the black squares is 0.33 (A'). Since 
K and A' arc correlated through digestibility (Z>) as follows, 


A' is a function of digestibility, as well as of the retention of protein 
nitrogen in the body ot the animal. 

Anotlier fundamental exiiression of the iclationship between nitrogen 
input and output was derived from equation 2, by Allison and Ander- 
son (1945), as being 

UN^ (UK) (AN) 1 UX\ (6) 

where UN is urine nitrogen excretion, UNq is urine nitrogen excretion 
on a protein-free diet, and the other symbols arc the same as those 
used previously. A\1iorc equ viion 2 describes a linear lelationship be- 
tween nitrogen balance and absorbed nitrogen, equation 6 describes a 
linear I’olationship between urine nitrogen and absorbed nitrogen. In 
FIGURE 1C, urine nitrogen in gms/day/sq.M. is plotted against absorbed 
nitrogen in gins/day^ sqM. of body surface, averaging data from the 
same cxperinuMits on casein as arc illustrated in figure 1A. Similarly, 
the scjuan's in laoiiUE II) average mine nitrogen data from the same ex- 
periments as ai(‘ d(‘s<*iibed in figure IB. The maiked curvilinear na- 
ture of the relationship l)etw(Tn urine nitrogen and absorbed nitrogen, 
when the animal is in [lositivc nitrogen balance, is illustrated by the 
data on cas(*in. In this region of positive balani*e, the rate of cliange 
of urine nitiogim output, with respect to nitiogcn input, is increasing 
rapidly, while A, tlie nitrogen balance index, is decreasing Since all 
the points plotted in fkiURE ID are in, or near, the region of negatue 
nitrogen balance, the cunilinear portion w^as not reached in these datn 

Figure 2 summarizes data on the effects of caloric intake on the 
utilization of protein nitrogen by adult dogs. Dried, uncooked egg al- 


" Tht authots Ui.mk Di Sainiul Ij< pkox sK\ , oL the Mililan PhimiinR Dnisioii 
of the Ofllco oi the (iuaitci iiuisG I lor suRffostioiis and .icUuc in thoso 

studies oil caloiic int.iKi. 
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bumin* "n’as tlic source of protein nitrogen, in tlicse experiments. The 
circles represent average data obtained on two dogs receiving an ade- 
quate caloric intake; the rectangles average data obtained on tliree dogs 
receiving fifty per cent of their normal caloric intake; and the triangles, 
average data obtained on thi-ee dogs receiving twenty-five per cent of 
normal intake. The nitrogen balance index (K) is 0.96 for normal 
adult dogs receiving an adequate or half-adequate caloric intake. The 



ABSORBED NITROGEN 6ms/Day/Sq.M. 

Figure 2. Absorbed egg albumin nitiogen in gms/day/sq.M. aie plotted against iiitiogen bal- 
ance (A) or unne mtrogen (B) in gms/day/sq.M. oi body surface. The circles lepresent average 
data obtained on two dogs receiving an adequate caloric intake; the lectanglcs, average data on 
three dogs receiving fifty per cent of their normal calonc intake; and the triangles, average data 
on three dogs recaving twenty-five per cent of an adequate caloric mtako. The ciiclo with the 
bar illustrates the effect of adding sucrose to increase the caloric intake from twenty-five to fifty 
per ^t of nom^. The circle with the cross represents sunilar data, obtained by increasing the 
c^orzo intake with lard. ^ (B) The same experiments which are averted in (A) are illustrated, 
also, through the corrdation between absorbed nitiogen and unne nitrogen excretion. 


* Dried, uncooked egg albumin, manufactured by Swift & Company. 
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caloric intake did not affect the utilization of egg white, as measured by 
K, until the calories were reduced to twenty-five per cent of normal. 
With this low' caloric intake, the dogs were not put into positive nitrogen 
balance, even with nitrogen intakes as high as 4 gins/day/sq.m. of body 
surface. Indeed, there was very little nitrogen, utilized by the dogs, 
above 1.5 gms/day/sq.M. absorbed nitrogen, the excess appearing in 
the urine. These data demonstrate that utilization of protein is con- 
trolled by the presence in the diet of a critical proportion of calories. 

The circle with the horizontal bar, in figure 2, averages data ob- 
tained when the caloric intake was increased again to half normal re- 
quirements with sucrose, and the circle with the cross represents data 
obtained by increasing the caloric intake an equivalent amount with 
lard. The protein-sparing actions of carbohydrate and of fat are 
nicely demonstrated thus. 

Table 2 summarizes some of the data obtained while feeding differ- 
ent protein sources to normal adult dogs. Under absorbed nitrogen at 
equilibrium, in the second column, are values which represent the pro- 
tein minima for nitrogen equilibrium. Two groups of values for casein 
are recorded to emphasize that protein minimum may vary, while K or 
K' remains constant. The protein minimum of 4.0 gms/day/sq.M., for 

Table 2 

Protein Sources, Absorbed Nitrogen at Equilibrium, K (Equation 2), 
(Equation 4), and **Net Protein'* X Fraction of Protein in Source) Data 
Obtained Feeding tub Protein Source to Normal Adult Dogs. 

Each set of data represents averages from experiments on three dogs. 


Protein Source 

Absorbed 

Nitrogen 

Nitrogen Balance 
Indices 

“Net Protein” 


at Equilibiium 

K 

K' 


Lactalbumin 

gms/day/sq. M. 
2,2 

1.0 

0.97 

0.74 

Dried egg white 

2.5 

0.96 

0.91 

0.63 

C asein 

4.0 

0.82 

0.78 

0.60 

Casein 

8.1 

0.81 

0.77 

0.59 

Squibb casein 
hydrolysate* 

2.2 

0.80 

0.79 

0.60 

Amigeut 

Chicken entrails 

2.2 

0.80 

0.79 


3.3 

0.77 

0.73 


Flounder entrails 

4.3 

0.77 

0.74 

0.11 

Flounder heads 

6.4 

0.52 

0.43 

0.06 

Protein AJ 

6.6 

0.39 

0.32 

0.28 


• This is a ca.sein hydrolysate prepared in the Squibb Institute for Medical lie- 
search by digestion of casein with trypsin. 

f Amigen (batch 10067) was furnished by Mead Johnson Company. 

¥ Derived from soybean. 
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the first group of three dogs receiving casein, is gi-cator than the mini- 
mum of 3.1 for the becond group, a difference which can be interpreted 
to mean that the first group was excreting more nilrogeu from body 
stores than was the second. The first group, therefore, required more' 
absorbed protein nitrogen to maintain equilibrium. Thus, protein 
minima lor any one protein may varj', while K or K' is not altered. 
These nitrogen balance indices arc not easily affected by clianges in 
the physiological state of the animal and are more fundamental func- 
tions of retention of protein nitrogen by the animal than arc protein 
minima. These observations agree with those of Mclnick and Cowgill 
(1937), who reported that the relationship between nitrogen balance 
and per cent protein caloric intake tended to bo represented by parallel 
lines, while protein minima varied. The ‘'not protein” values recorded 
in the last column of the table were calculated by multiplying K' by 
the fraction of protein in tire protein source. Not 2 )rotein values, the 
use of which was suggested by hlitchell and Carman (1924), ai’o func- 
tions of the retention of nitrogen by the animal, digestibility, and con- 
centration of protein in the source. Not protein values measure, there- 
fore, the over-all efficiency of a protein source as a supply of nitrogen 
to the animal. 

The same relationships between nitrogen balance and nitrogen intake 
I EQUATIONS 2 and 3) were found in hypopj-oteinemic, as in normal, dogs 
(Allison, Seeley, Browm, and Anderson, 1946). The values, however, 
for K and K' are higher in the hypoproteinemic, than in the normal, 
dog; these differences are illustrated in the last two columns of taulk 3. 
The data in this table demonstrate that, as the plasnui proteins arc re- 
duced in concentration, absorbed niti'ogen at wpiilibrium and N/i’,, tend 
to decrease, while nitrogen balance indices increase. The altered physi- 
ological state of the hypoproteinemic dog increases, therefore, the utili- 
zation of protein nitrogen. 

The data in hqxjre 3 illustrate correlations betwi'en values for A 
and the daily excretion of ui-ine nitrogen in nonnal and depleted dogs. 
Tlie white circles record data obtained while feeding the protein-lree 
diet, the black circles, while feeding protein nitrogen. C’urve T illus- 
trates data obtained on a nonnal dog which received Squibb casein hy- 
drolysate nitrogen equivalent to 1.84 gms/day/sq.M. of body surface 
for eight days. Since the nitrogen balance index {Kj for this hydroly- 
sate is less than unity (0.8) , the excretion of urine nitrogen increased 
during the nitrogen feeding period. Curve II was obtaiu(>d while feeding 
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Table 3 

The Effect of DurcFiTioN in Proi’ein, Reflected in \ Dlcrlvse from Kormal 
IN Plasm \ Protein CoNrENTR\TiON, irpoN Values ix)r ABbORBCu Nitrooen ai 
IOquiltbrium, Nitrooen Excretion on a Photijin-Free Diet, K and K' in Equa- 
tions 2 AND 4, Rewplctivlly 

Ctiboin, Squibb casoin hy(lH)l>\sa.lc,l Auiigon.t Aiiiinoicls, aud a pioioin derived 
from soybean (Proloin \) wric used as soiiices of nitrog(*ii (Allison, Seeley, 
Brown, & Anderson, 1946). 


Dog 

No. 

Plasma 

Protein 

Absorbed 

Nitrogen 

at 

Equilibrium 

Nitrogen 
Excretion 
on Protein- 
Free Diet 
NEo 

Nitrogen Balance 
Indices 

N K' 


gms/100 ml. 

gins /day /sq.lM. 

gms/day/sq M. 

1 . 




Casein 




6.2 

3.20 

2.59 

0.81 

0.77 

31 

5.6 

2.55 

2.00 

0.79 

0.70 

44 

4.6 

1.65 

1.47 

0.89 

0.83 

12 

4.6 

J.55 

1.39 

0.90 

0.88 

55 

4.1 

1 2,06 

1.90 

0.92 

0.92 

28 

l.l 

! 1.73 

1.61 

0 93 

0.93 



Bquihb Casein llydiolysate 



44 

6.0 

2.15 

1.72 

0.80 

0.76 

48 

5.7 

2.94 

2.32 

0.79 

0.79 

31 

5,0 

1.49 

139 

0.93 

0.90 



Amigen 



"JT 

6.0 

2.15 

1.72 

0.80 

0.76 

48 

5.2 

2.72 

2.28 

0.84 

0.84 

31 

4.8 

1.90 

1.77 

_a93 _ 

0.93 _ 



A minoids** 



m 

6.0 

4,60 

2.20 

6.48 

0.40 

48 

5.0 

3.50 

2.10 

0.60 

0.52 

55 

3.1) 

2.42 

1.69 

0.70_ 

0.60 



Pi ok in A 



fe 

6.2 

6.60 

2.50 

0.39 

0.32 

50 

1.1 

2.90 

1.65 

0.57 

0.51 

12 

1.0 

1 50 

1.10 

0 73 

0.66 


I Soi lootnoloh, TAULi 2. 

* Data previously published (Allison & Anderson, I0ir>). 

■ ' Aimnoids (batch 2S51) was lunushed by the Arlington rheinical Company. 


egg albumin niirogen cciuivalent to 1.44 gms/day/sq.lM. for four days. 
The nitrogen balance index (/v) for egg albumin was unity, in this ex- 
periment; hence, the excretion of urine nitrogen was independent of the 
niirogen fed. Curve III illustrates data obtained on a liyiioproteineinic 
dog whicli received egg albumin nitrogen cciuivalent to 1.52 gnis/day/ 
sepM. of body surface. The nitrogen balance index (iv), in this ox- 
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0 5 10 


DAYS 

Figubb 3. Urine nitrogen in gms/day/sq.M. of body wnface, plotted againbt time in days. The 
white circles record data obtamed while feeding the protein-fiee diet to a dog; Iho black circles, 
while feeding protein nitrogen. The black circles m I reprwscnt data obtained on a nonnal^ dog, 
while feeding 1.84 gms. of Squibb casern hydrolysate mtiogen/day/sq.M, ; Ihe black circles in 11, 
while feeding 1.44 gms. of ^g albumin mtrogen/day/sq.M. ; the black ciiclcs in 111 rei»rcsent dala 
obtained on a hypoproteinemio dog, fed 1.52 gms. of egg albumin nilrogcn/day/sq.M. (AUlson, 
Seeley, Brown, is Anderson, J. Nutrition, 1946.) 

periment, was greater than unity, the urine nitrugen excrotod during 
the nitrogen feeding period being less than during t,lic protein-free feed- 
ing period. 

These data on the daily excretion of nitrogen on hypoproteincinic 
dogs fed egg albumin nitrogen illustrate again that the nitrogen balance 
index {K) increases in the depleted dog. More complete data on the 
utilization of egg albumin nitrogen by the normal and hypoproteinemic 
dog are presented in table 4. The data obtained, using dogs 54, 50, 
and 31, are arranged chronologically, in this table, each determination 
of NB and NEo requiring about eight days. Values for K greater than 
unity were obtained for egg albumin fed to these hypoproteinemic dogs. 
Continued feeding of egg albumin resulted in a reduction in the value 
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Table 4 

The Effect op Protein Depletion, Reflected in a Decrease from Normal in 
Plasma Protein Concentration, upon Nitrogen Balance (NB), Nitrogen 
Excretion on Protein-Free Diet (NEo), K in Equation 2 

(Data taken from paper by Allison, Seeley, Brown, & Anderson, 1946.) Dried 
egg albumin was used as the source of nitrogen. 


Dog 

No. 

Plasma 

Protein 

Absorbed 

Nitrogen 

AN 

Nitrogen 

Balance 

NB 

Nitrogen 
Excretion 
on a Protein- 
Free Diet 
NE, 

Nitrogen 

Balance 

Index 

K 

gms/100 ml. 

gms/day/sq.M. 

gms/day/sq.M. 

gms/day/sq.M. 

« 

6.0 

2.50 

0 

2.55 

0.96 

54 

5.4 

1.87 

+0.19 

1.81 

1.07 


5.0 

0.89 

-0.48 

1.63 

1.29 


5.0 

1.44 

+0.01 

1.47 

1.03 

50 1 

4.7 

1.12 

-0.56 

1.91 

1.20 


4.9 

0.84 

-0.58 

1.49 

1.08 


4.9 

1.44 

-0.04 

1.45 

0.99 

31 

4.9 

1.63 

+0.30 

1.77 

1.27 


4,7 

0.85 

-0.37 

1.79 

1.67 


4.7 

1.26 

-0.17 

1.46 

1.02 


Averafso data obtained on tw'o normal dogs. 


of NEo from approximately 1.8 to 1.42 gms/day/sq.M., values for K 
also being reduced to approximately unity. These data can be inter- 
preted to mean that egg albumin spares body nitrogen. A similar con- 
servation of body nitrogen by egg albumin has been reported by Will- 
man, Swanson, Stewart, Stevenson, and Brush (1945) in some experi- 
ments on rats. 

The sparing of body nitrogen can be illustrated by solving equations 
1 and 2 simultaneously for any given value of NB to yield: 

EN = NEo - AN (K -BV ) , (7) 

where the symbols have the same meaning as in the previous equations. 
According to equation 7, if the nitrogen balance index K is equal to BV, 
then EN has the same value as NEq, but, if K is greater than J5F, then 
the excretion of endogenous nitrogen (EN) is less than the excretion 
of nitrogen on a protein-free diet (NEq), A value for BV greater than 
unity is impossible. Since K is gi’eater than unity in some of the egg 
albumin data, the feeding of this protein spares body nitrogen, the 
excretion of EN becoming less than NEq. 
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Body nitrogen-sparing action is also illustrated by some data ob- 
tained while feeding methionine to three normal dogs receiving an adc- 
(giate caloric intake. These data, averaged in riciuKE 4, demonstrate that 
the average mine nitrogen excretion, during an initial four day protein- 



FiobEB 4 Uline mtiogen in gms/daj /sq RI. aro plotted ag<unst time m (la>s. These are a\u- 
aged data obtained while teodmg thiec dogs the piotein-lioe diil iollowtd 1>\ 1 S gins ol (astin 
mtrogen/da\ /sq RI then bs 2 2 gins ol egg jllnmiin mtiog(n/«l i\/sti R1 ()n< gi im of <//- 
methionine w ls added dailj to the diet of each dog, dining tin ioui div pniods tipnsuitid 1)\ 
the blocks contammg slanted linos These dat i will itipeii in iiioii ddiil in a t> qn i b\ 
Allison, Anderson, & Seeley (m pi ess) 


free feeding period, was 2 6 gms/day/sq TM. of body surface area. One 
gi*am of dt-melhiunine was fed daily to each dog for tli(‘ next four dtiys. 
The average excretion of urine nitrogen during tliis in(‘thioninc-l‘eed- 
ing period (lined block in figure 4) was 1.9 gms/day/sq.M. Follow- 
ing these four days of amino acid feeding, the niethionine was removed 
from the diet, the dogs receiving only the protein- free ration again 
The excretion of urine nitrogen remained lowered (1.8 gms/day/sq.M.) , 
for four days after the removal of methionine, while the average excre- 
tion of urine nitrogen returned to the initial control level (2.7 gms/ 
day 'sq.M.), during the second four daj’’ period of protcin-frcc feeding 
Thus, methionine spared body nitrogen, the sparing action lasting sov- 



ALUaON AND O'JHJLUiS: Nl'J liOGEN BALANCE INDEX IN DOGE 257 

oral clay« alter the amino acid had been removed from the diet. Thcbe 
results arc in agreement with those recorded by Miller (1944), who 
found a decrease in the excretion of urine nitrogen in dogs, following 
tlie addition of methionine to a protein-lree diet. 

The oxpeiiment was rep(‘ated, alter adding to the diet 18 gms. of 
casein nitrogen/day/sq.M. Since the nitrogen balance index {K) of 
casein is less than unity (0.8), the excretion of urine nitrogen, during 
the casein feeding period, was increased to 3 0 gms/day/sq M., which 
was greater than the excretion on the protein-free diet. The addition 
of 1 gm of dt-mcthioninc, daily for four days, to the casein diet low- 
ered the excretion of urine nitrogen to 1.8 gms/day/sq.M., sparing the 
body nitrogen of the dog. This sparing action of methionine was car- 
ried over again into the subsequent period, when the amino acid was 
not added to the casein diet. 

The casein was replaced then with 2.2 gms. of egg albumin nitrogen/ 
day/sq M. of body surface. The urine nitrogen decreased below that 
excreted while feeding casein, a result which is predicted from the 
higher nitrogen balance index lor albumin than for casein. The addi- 
tion ol 1 gin ol d/-inethic)iiine daily for four days to the egg albumin 
diet lowered the excretion of urine nitrogen to 1.35 gms/day/sq.M., 
revealing a sj'jaring action, as in the casein experiment. Similarly, this 
sparing action was cairicd over into subsequent periods, when the 
methionine had been removed. Further experiments are being con- 
ducted to determine the supplementing value of methionine in casein 
or in egg albumin, and to determine the minimum amount of methio- 
nine needed to produce the sparing action demonstrated by the experi- 
ments in FIGURE 4. 

Possibly, a dilTerent type of sparing action is illustrated by the re- 
duction ill the excretion of urine nitrogen which accompanies hypo- 
proteinemiii. This reduction is demonstrated by the data in table 5, 
where the excretion on a protein-free diet of total nitrogen (UNo), 
ammonia plus urea, and «-amino nitrogtm arc recorded before and 
after depletion. The average plasma protein concentrations in the 
control and depleted states were 6.0 and 4.2 gms. per 100 ml., respec- 
tively. The total urine nitrogen excretion (UNo) was reduced from 
an average control of 2 95 gms/day/sq.M. to 1.92 gms/day/sq M. in 
the depleted state. Eighty-nine per cent of the decrease was in the 
excretion ol the urea plus ammonia fraction, the a-amino nitrogen 
excretion not b(‘ing altered. These data can be interpreted to mean 
that depletion in tissue proteins is reflected by a decrease in the use 
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Table 5 

Total Ammonu and Urea, and o-Amino Urine Nitrooen Excretion on a 
Protein-Free Diet Before and After Depletion 


Dog 

No. 


Control 


Pi oil m~Dtpleicd 

1 

Total 

Nitrogen 

Ammonia 
and Uiea 
Nitrogen 

a-Amino 

Nitrogen 

Total 

Nitrogen 

Ammonia 
and Urea 
Nitrogen 

a-Amino 

Nitrogen 


gms/day/ 

sq.M. 

gms/day/ 

sq.M. 

gms/day/ 

sq.M. 

gms/day/ 

sq.M. 

gms/day/ 

sq.M. 

gms/day/ 

sq.M. 

28-1 

3.75 t 

2.91 

0.11 

1.50 

1.09 

0.11 

21-6 

i 3.00’ 

2.36 

0.08 

2.58 

1.94 

0.13 

30-1 

3.32 

2.48 

0.22 

1.66 

1.08 

0.14 

28-2 

2.00 

1.37 

0.04 

1.76 

1.29 

0.04 

27-1 

3.13 

2.66 i 

— 

1.75 

1.07 

— 

21-4 

2.49 

1.67 

— 

2.24 

1.42 

— - 

Ave. 

2.95 

2.24 

0.11 

1.92 

1.32 

0.11 


of protein stores, as measured through the excretion of waste products 
like urea and ammonia. 

Depletion does not produce, however, a uniform reduction in all pro- 
tein stores. Through electrophoretic analysis, Chow, Allison, Cole, 
and Seeley (1945) have demonstrated that depletion by protein-free 
feeding (hastened initially by several days of plasmapheresis) mark- 
edly reduces the total circulating plasma albumin in dogs, and, slightly, 
the total circulating jS- and y-globulin. However, it does not de- 
crease, but even increases, the total circulating a-globulin. Similarly, 
Weech (1938/39), and Madden and Whipple (1940) have proved that 
the plasma albumin fraction is more markedly reduced than the globu- 
lin fraction, when dogs are depleted in proteins. The marked reduc- 
tion in plasma volume which can accompany the reduction in total cir- 
culating albumin is illustrated in figure 5, where circulating albumin 
in grams and plasma volume in milliliters are plotted against days 
of depletion. The dog is, therefore, depleted differentially in these 
circulating tissue proteins, a differential which should be found in 
other tissues, thus markedly altering the physiological state of the 
animal. 

Using this technique of depletion, dogs were reduced to a constant 
state of hypoproteinemia, as illustrated by the first three points in 
FIGURE 6. The total plasma proteins in this dog were reduced to 4.0 
gms,, the albumin to less than 2.0 gms., while the total globulins were 
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FiGimn 5. Pl.isiiui \()liuno m ml. and cnculating albumin in gms. are plotted against days of 
di*i)letioii. 


but liLUc reduced. Tlie albumin and globulin concentrations were 
doterniin(‘d by salt fractionation (see Methods). At zero days, this 
dog was fed 6.0 gins, of lactalimmin hytirolysaie* nitrogen/day/sq.M. 
of body surface. The I'ajiid rate of increase of the total protein, dur- 
ing the first, five days of feeding, followed by a slower rate of increase, 
is illustrated in the upper (‘urve. The albumin fraction increased 
similarly to the total proteins, while the globulins show’ed an initial 
rise, followed ])y a decrease in concentration. Since the plasma vol- 
ume, also, began to increase, sometime after the fifth day of protein 
hydrolysate feeding, much of the decrease in globulins can be attributed 
to dilution. Because of this dilution, changes in concentration of 

" The laclalbumin hydrolysate, prepared by enzymatic hydrolysis, was fur- 
nished by Dr. llacon F. Chow, of the Squibb Institute for Medical Research. De- 
tails of preparation will be published elsewhere. 
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FiGura 6. Data obtained on an h^ popioteiueimc dog recoi\ing 6 6 gms. of Uctalbumin hxdrolv- 
Mta mtrogen/dav/sq.M. of body surface area, for thirty dajs The white circles in fho rippoi 
^ illustrate the effect of feeding the hydrolysate on the total proteins, below ^^lllch me 

recorded ch^ea in albumin (oncles with bars) and m globulins (circles with crushes). The tri- 
angles record changes in plasma volumes. 


plasma proteins beyond the fifth day of protein feeding do not reflect 
accurately the regeneration of total circulating proteins. 

The data plotted in figure 7 demonstrate that allmniin/globulin 
ratios, determined by salt fractionation (Howe, 1921), are always 
gieater, in a regular ivay, than those determined through eh'ctropluu’e- 
his. The electrophoretic method has the advantage of yiiddiiig a inoi'i* 
complete separation into what may be considered as absolute fractions 
(Chow, Allison, Cole, and Seeley, 1945), but, since the correlation be- 
tween the ratios detei'mined by the two methods is regular and essen- 
tially linear, eitlier method reveals relatively similar changes. For 
reasons of economy and speed, the salt fractionation method was used 
to determne changes in albumin and globulin fractions in the follow- 
ing studies on regeneration of plasma proteins in hypoproteincmic dogs. 
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Albumin 

Globulin 


(Salt Fractionation) 


FiGUBa 7. Albuiiiin/glubulin ratios dotormiucd by the dcctiophoietio method are plotted against 
those dotomim<‘d in ilu* snuu* plnsma by salt liactionation. (Howe, 1921.) 


Since tlio most rapid regeneration usually took place during the first 
five days i)t' protein feeding, without changes in plasma volumes, tlie 
following techui(iuc was developed for these regeneration studies 
(Seeley, 1946). The dogs were depleted by feeding the protein-free 
diet and by a few days of plasmapheresis, until the plasma protein 
concentration was between 4.0 and 4.5 gms. pei- 100 ml. plasma and 
essentially constant. After the plasma protein had been reduced to 
this constanl, state of depletion, the dogs were fed protein in the diet 
for a period of five days. If the dogs wore in positive nitrogen balance, 
during this feeding period, regeneration of plasma protein took place. 
After five days of protein feeding, the animals were returned to the 
protein-free diet. Thus, the dog was taken from a depleted state, 
through a regeneration period, back to the depleted state. 
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Figueb 8 illustrates a regeneration experiment of the type just de- 
scribed, in which bovine serum protein was the source of dietary nitro- 
gen. The dog received orally 6.6 gms. of protein nitrogen/day/sq.M. 
of body surface, which put the animal into a positive nitrogen balance of 
+2.5 gms/day/sq.M The average plasma protein concentration, be- 
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FiGiiBG 8 The effect of the oral feeding of 6 6 gms of bovme sen tun piotoin niliogcn/day/bq M. 
upon the plafama protein regoneiation, in a hypopioteinomio dog Tho plasma pioU*m (oiicputia- 
tion m gms per cent and the plasma volume in tnl aie plo(U>d against Imio in days. I ho dog 
vas fed the piotem-free diet, from days 0 to 3, bovme boium pioff in, fiom days 4 1o 8 (“Feeding 
Period”), and the piotoin-fiee dirt, fiom dav 9 to the ind ot the (\iM'iiiii<ut (Seeley, 1915), 


fore nitrogen feeding, was 4,34 gmb. per cenl. After the lourlh clay of 
protein feeding, the plasma protein concentration sliowcd a definite 
rise, reaching a maximum of 5,10 gms. per cent two days later. The 
concentration remained elevated for five days, and then di’oppcd 
quickly to the initial level of depletion. 

The concentration of plasma albumin and globulins, determined by 
the salt fractionation method of Howe (1921), are illustrated below 
the curve for total protein in figuee 8. According to these data, the 
increase in plasma protein, as a result of feeding bovine scrum protein, 
was due to a rise in albumin, but not in the globulin fraction. Since 
there were no marked changes in plasma volume, during this experi- 
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ment, the curves drawn through the points of concentration give a true 
pictui’e of shifts in total circulating proteins. 

The lag period, in protein regeneration following feeding of the 
bovine serum protein, was noted often in experiments of this type. 
Holman, Mahoney, and Whipple (1934) and Melnick, Cowgill, and 
Burach (1936) noted similar lag periods, after feeding protein to de- 
pleted ilogs. Weech, (Toettscli, and Reeves (1935) estimated that, during 
depletion by protein-free feeding alone, the loss in plasma protein repre- 
sented only four per cent of the total loss of nitrogen by the dog. El- 
man and Davey (1943) injected vholc dog plasma intravenously into 
depicted dogs and found that only ten to fourteen per cent remained in 
the blood stream, after twenty-four hours. Weech and Goettsch 
(1938) observed that no lag period occurred, after the initial protein 
intake, in mildly depleted dogs. These results confirm the conclusion 
that the larger protein r(‘scrves of the body must be partially replen- 
ished, before the plasmti pi*otein concentration will be increased. 
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Regeneration of the ])latsnia proteins was measured by calculating 
the areas under the cuiwcs showing an increase above the deph'led con- 
centration, as in FiauRE 8. These areas (A protein X days) take into 
consideration, not only the magnitude of llic rise in plasma protein, but 
also the rate of depiction following nitrogen feeding, giving bc'lter ct)r- 
relation with niti-ogeu balanees than could be obtained with tlie in- 
crease in plasma protein concentration alone. 

The data plotted in piGtmE 9 prove that regeneration of ])lasma pro- 
teins, measm’ed by these areas, increases in magnitude as positive nitro- 
gen balance increases. Thus, regeneration of plasma proteins, in 
hypoproteinemic dogs, is a function of tlie nitrogen balance produced 
and, therefore, of the nitrogen balance index (K) . 

The kinds of plasma proteins regenerated, however, dci)en(l in paid 
upon the pattern of amino acids fed. Table 6 records data illustrating 

Tablk 6 

The Pusm.v .\nd (Jlobulin t''(l^cl:^TlUTI<)Nh jn VuoTniN-Dhw.KTj'a) 

Dogs, the SoracE op Protein Feu tor a Period of Five D\ys to the Deim.eted 
iSoOa. the XiTBOOEN BiLVNCES Obt.MNED, and ItEGENEBITION Ahbvs 
The regeneration area vas taken to be the aica under curves (gins % of 
plasma protein I'n. days) rising above the plasma protem concrnl ration in the- 
depleted state (Seeley, 1945). 


1 

Depleted State 

Protein 

Nitrogen 

Balance 

Begeneration Area 
(A Protein x Day.s) 

Albumin 

Globulin 

Source 

Total 

Protein 

Albumin 

Globulin 

gms % 

gms % 


gms/day/sq.M. 




2.4 

2.0 

Bovine 

.serum 

0 

0 

0 

0 

2.4 

2.3 ! 

1 

i 

F ovine 
boniin 

+0.86 ^ 

0.7 

0.7 

0 

2.i ] 

1.9 

1 

Bovine 1 

senini j 

H-2. 16 

5.1 

5,1 

0 

1.6 

2.0 

Bovine 

►serum 

+2.80 

3.6 

t,7 

-l.i 

2.5 

2.0 

Caaeiu 

+1.96 

2.6 

1.3 

1.3 

2.2 

2.1 

Casein 

+3.18 

3.3 

1.1 

1.9 

2.2 

2.4 

Squibb 

hydrolysate 

+2.78 

4.6 

1.5 

3.1 

2.0 

1 

i 

2.1 

Squibb 

hydrolysate 

+3.02 

3.4 

1.6 

1.8 
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the effects of nitrogen balances and protein source on regeneration 
areas, obtained under the experimental conditions used. The first two 
columns in this tabl(‘ <loscribe the depleted slate of tlie dog in terms 
of plasma albumin and globulin concentrations. The third column 
records the source of prolein fed, and the fourth column, the nitrogen 
balance obtained by these fce<lings. Tlie last three columns give the 
areas under curves illustrating cliangcs in plasma protein concentra- 
tion f]’oiu those in the depleted state. The data on bovine serum pro- 
tein illustrate, again, that the magnitude of regeneration of plasma pro- 
teins becomes greater as the nitrogen balance increases on the positive 
side. All of the regeneration, following the feeding of bovine serum 
protein, was resf.ri('ted to the albumin fraction. On the other hand, 
casein and Sciuibb cas(‘in hydrolysate stimulated the regeneration of 
both th(‘ albumin and gl()l)ulin fractions. Such difiercnces in abilities 
of proteins to stimulate the formation of plasma proteins give impetus 
to the thought that different patterns of amino acids will have different 
jobs to do in protein therapy. 


SUMMARY 

The relation between nitrogen balance {NB) and either total nitro- 
gen intake {NI ) or absorbed nitrogen (AN) was demonstrated to be 
linear in the region of negative or low positive nitrogen balance, be- 
coming curvilinear, well on the positive side of nitrogen balance. The 
rate of change of nitrogen balance, with respect to nitrogen intake, was 
called Uic nitrogen balance ind(‘X. Thus, K and it' in the following 
equation are the nitrogen balance indices of absorbed nitrogen {AN) 
and total nitrog(*n inlak(' (A7), respectively. 

NP> K (AN) - NB, and (8j 

ND K'(NI)~-NB,, (9) 

wlicre NB, is the excretion of nilrog(Mi on a protein-free diet. K' di- 
vided by K is the dig(‘stibility of the protein, and K' multiplied by 
the fraction of protein in the i)rolem source gives the “net protein^' 
value. 

The relationship ])elwcen urine nitrogen {UN) excretion and nitro- 
gen intake can be d(‘riv(‘d from kquations 8 and 9 to be: 

UN= il -K) AN + UN,, (10) 

where UN, is the excri'tion of urine nitrogen on a protein-free diet. 

The slope of the line describing the relation between absorbed nitro- 
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gen and nitrogen balance is a function of the fraction of nitrogen re- 
tained in the body of the animal. It is this slope which will hereafter 
be referred to as the nitrogen balance index. 

The nitrogen balance index of egg albumin was determined to be 
close to unity, in adult dogs receiving an adequate caloric intake. A 
reduction in caloric intake did not affect the utilization of egg albumin 
nitrogen, as measured by the nitrogen balance index, until the calories 
were reduced to less than 50 per cent of adequate. At 25 per cent of 
an adequate caloric intake, the utilization of egg white nitrogen was 
reduced markedly. The protein-sparing action of carbohydrates and 
of fats was illustrated in these studies on caloric intake. The nitrogen 
balance indices of some protein sources are recorded as follows: lactal- 
bumin 1.0, dried egg albumin 0.96, casein 0.80, Squibb casein hydro- 
lysate 0.80, Amigen 0.80, chicken entrails 0.77, flounder entrails 0.77, 
flounder heads 0.52, Protein A 0.32. The nitrogen balance index was 
shown to be constant, while protein minima for niti’ogen equilibrium 
varied. 

Similar relationships between nitrogen input and output were found 
in hypoproteinemic, as in control, dogs. The reduction in protein 
stores in hypoproteinemic dogs was reflected by reductions below 
control values of excretion of nitrogen (particularly the urea and 
ammonia fractions) on a protein-free diet, and of protein minima for 
nitrogen equilibrium. The nitrogen balance index increased above 
control values in the hypoproteinemic dogs, proving gi’catcr retention 
of nitrogen by protein-depleted, tlian by normal, animals. Nitrogen 
balance indices gi-eatcr than unity have been obtained while feeding 
egg albumin nitrogen to hypoproteinemic dogs. Thus, egg white nitro- 
gen spares body nitrogen in these protein-depleted dogs. 

The relationship between the fraction of nitrogen rotaiiu'd in the 
body of tlie animal (BF) and the nitrogen balance index (A'), and so- 
called endogenous nitrogen, was illustrated by equatio-v 1 1 : 

EN = NEo - AN (K - BV) ( 11 ) 

If K is equal to BV, then EN is equal to NEo, but, if K is gi’eater than 
BV, then the excretion of endogenous nitrogen is less than NEo, and 
body nitrogen is spared. 

The excretion of nitrogen was reduced below NEo, in normal dogs, 
when methionine was added to the protein-free diet or to diets con- 
taining casein or egg albumin. Thus, the nitrogen-sparing action of 
methionine was demonstrated. 
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A constant state of depletion was produced in the hypoproteinemic 
dogs, after the total plasma proteins were reduced by plasmapheresis 
and protein-free feeding to approximately 4 grams per cent. The 
plasma protein did not always increase the first day or two following 
feeding of nitrogen to these dogs, even though they were well on the 
positive side of nitrogen balance. After this lag period, the plasma 
protein increased rapidly, for a few days, followed by a slower rise, 
so that normal plasma protein concentration was reached in about 
three to four weeks of feeding. Plasma volumes usually started to 
increase about the fifth day of nitrogen feeding. Since the most rapid 
regeneration usually took place within the first five days of feeding 
of nitrogen, without changes in plasma volume, the following technique 
was developed for rapid assays. 

The dogs wore depicted by feeding the protein-free diet and by a 
few days of plasmapheresis, until the plasma protein concentration 
was between 4.0 and 4.5 gms. per 100 ml. plasma and essentially con- 
stant, under the experimental conditions used. The depleted animals 
were fed protein nitrogen for five days, and then returned to the 
protein-free diet until the plasma protein concentration had returned 
to the former depleted level. Plasma protein, in gms. per cent, was 
plotted against days, and the area under the curves showing the in- 
crease above the depleted concentration was taken as a measure of 
the amount of regeneration. These areas (A protein X days) take 
into consideration, not only the magnitude of the rise in plasma pro- 
tein, but also tlic rate of depletion following nitrogen feeding, giving 
better correlation with nitrogen balance than could be obtained with 
regeneration of plasma proteins alone. 

Regeneration of plasma proteins, measured by these areas, increased 
ill magnitude as positive nitrogen balances increased. Thus, regenera- 
tion of plasma proteins in hypoproteinemic dogs is a function of the 
nitrogen balance protluced and, therefore, of the nitrogen balance index. 
The kind of plasma protein regenerated, however, depended, in part, 
upon the pattern of amino acids fed. Bovine serum protein, for ex- 
ample, promoted regeneration of serum albumin, while casein stim- 
ulated the formation of both albumin and globulin fractions. 
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DISCUSSION OF THE PAPER 

Dr. D. V. Frost {Abbott Laboratories, North Chicago, Illinois) : 

The work of the Rutgers group, as presented in this paper by Doc (or Allison, 
has brought something new to the classical concept of nitrogen balance and bio- 
logical value and has done much to clarify our thinking in the u.s{‘ of Ihenc 
terms. The graphic method should find considerable application in studies with 
various species, and offers a stimulating new approach to certain complex prol>- 
lems. It provides a new key, for instance, to estimation of the so-called endo- 
genous nitrogen excretion, which has long been a point of question in the con- 
ventional method of determining biological value. 
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Certain difficulties arise in making the nitrogen balance method of inaximuni 
value in assessing protein efficiency. Doctor Allison has indicated what some 
of those difficulties are, and I would like to raise one or two further queslions for 
hid consideration and comment. 

Would it be well, if dogs W(‘io condiiioiu'd on a standard protein source, at a 
^tiindard nitrogen level, prior to an 3 ’’ cxpeiinient? Such procedure may avoid th^ 
error inherent in the fact thal the hypoprotcineinic animal shows greater avidity 
for almost all proteins than does the normal nnininl. CJiiestions of the nutriti\e 
slate would also be partly resolved by such standaidization, so far as later inter- 
pretation is concerned. 

^ Such factor’s as the sparing action of methionine and C 5 ’'stine for nitrogen excre- 
tion, and the somewhat similar sparing action of proteins of high biologic value 
for body nitrogen, are difficult to reconcile in any scheme for devising good and 
reliable “endogenous nitrogen” values. However, good, representative values, 
which will fit a strict empirical definition, may be devised and be of real value. 
Since the nitrogen loss on nitrogen-free diet decreases gradually, with loss in body 
nitrogen stores, it is difficult to achieve constancy by this method. The better 
value in the normal dog would appear to be the nitrogen loss, on a minimum level 
of a completely digested protein. Would it be well to try to establish the use of a 
pure, standard protein for this purpose and, going a step fui-ther, attempt to estab- 
lish figures for endogenous nitrogen loss, on a kilogram or squaie meter body sui- 
face basis, which would be generally useful? Those values may bo correlated 
with figures obtained by the graphic method dcsciibed b^' Doctor Allison. All of 
this presumes a high degree of standardization in methods, but would appear to 
be the only recourse, where empiricism exists and where all of the variables may 
not yet bo known. 

I would like, also, to prc'sont some woik of our own, in line with the work of the 
Rutgers group. We became interested in applying Doctor Allison*s graphic 
method of calculating biologi(*al value to data which we had at hand on intra- 
venous utilization of partial acid hydrolysates, prepared from beef blood fibrin 
(Armour). Dr. W, C. Risser and I were interested in determining the minimum 
level of a partial acid hydrolysate of fibrin needed to give nitrogen balance in dogs, 
when given by slow intravenous injection. The dogs used were somewhat h^’po- 
protoinemic, having been on submimmal nitrogen levels for many months. A 
start ivas made at ^ mg. N per kilo per day, at wdiich level nitrogen balance w’ap 
n(*galive. Increases were made graduallj'-, over a period of six iveeks, to a level 
of 110 mg. N, where the dogs came into positive balance. The study was con- 
tinued for a total of 15 ivec'ks, during the latter part of wffiich there was slight posi- 
tive balance. Weight loss o'^’cuiTcd graduall 3 % throughout the study, although the 
(logs ate the low protein diet, at a rate of 60 per cent of the 80 calories per kilo 
per day ofTored, or an average rate of 48 calories per kilo per day. 

A graph of nitrogen balance against nitrogen injected (absorbed nitrogen) gave 
a series of 14 points for each of two dogs. Repn soutative lines drawn through 
th(‘ points had slopes of .83 and .86 and art* the nitrogen balance indices, according 
to the formula NB “ BV(AN) — EN, It is, perhaps, significant to note that our 
values were expressed in l('rins of mg. nitrogen p('r kilo instead of Gm. nitrogen 
p(‘r scpiaro iru'ter liody snrhice, as used bj” Doctor Allison. We used the changing 
weights of the dogs, rather than the standard wt'iglits, and Doctor Allison informs 
mo this Ls also done in making their ealculation of body surface. A point of in- 
t('rcst, in our study is the fact that 'weight loss continued at a slow rate, even after 
tlie nitrogen balance had become definitely positive. A possible interpretation of 
tliis phenomenon is that loss of body fluid may occur, as protein stores are re- 
ph'nishod. This effect 'W’oiild be the converse of the increase in bod.v fluids which 
is associated with the liypoprotoinemic state. 

The best approach to minimum levels which will give nitrogen balance may also 
he open to question. Melnick and CowgilP have concluded, on logical grounds, 
that the most workable approach is from the side of negative balance. If this is 
done, however, as in the ease of our animals, weight balance, even in the face of 
slight positive nitrogen balance, may not be maintained, when the experiment 

1 Melnick, D., & O. R. Cowgrlll. J. Nutrition 13: 401. 1937. 
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continues over a long period. It may be suspected that, in such a condition, there 
IS some unusual realignment of body protein stores, (o give maximal conservation 
of certain key amino acids. In the long run, this may load to ill effocts and final 
breakdown. Certainly, it is true that the well-fcd annual inquires much more 
nitrogen from a given source, to maintain both nitrogen and weight equilibrium, 
than does the hypoproteinemic animal. The W'ell animal lomains in obvious 
health and in buoyant spirits and, in doing so, appears to be qiiite prodigal of food 
nitrogen. The hypoproteinemic animal, on the other hand, may conic into bare 
nitrogen equilibrium or slight positive balance at low levels of nitiogcm, but rc'inains 
apathetic and may even continue to lose weight. It would seem, therefore, that 
such additional criteria as weight balance, the level of total circulating plasma 
protem, and the general health of the animal must be considered, together with 
nitrogen balance data, when minimum protein requirements are being determined. 


Dr. Daniel Melnick iFood Research LaboraLories, Inc., Long Island City, N. Y .) : 


The paper by Drs. Allison, Anderson, and Seeley constitutes such a comprehen- 
sive coverage of the subject of nitrogen balance that very little in the way of sup- 
plementary remarks is in order. We had found in studies with lact albumin, 
serum protein, casein, and gliadin (proteins which vary widely in biological value), 
that a linear relationship existed between the nitrogen balance and nitrogen in- 
take, in the region of negative and low positive nitrogen balance. The in1orc*epL 
of the straight lines, showinjg this relationship on the abscissa rejircsent ing nitrogen 
equilibrium, gave the protein minima, expressed in terms of the per cent of protein 
clones in the ration. Dr. Allison and associates have greatly improved the assay 
technic, by first standardizing the dogs with a protein-free ration. This allowed 
estimations of the nitrogen balance index of the test proteins. This represents 
the rate of change of nitrogen balance, with respect to absorbed nitrogen, i.e., 
the slope of the response cun'e. 

Of interest is the finding, by Dr. Allison and his group, that there is a critical 
intake of calories, below which utilization of protein {i.e., retention of nitrogen) 
is impaired. It is true, and I say this on the basis of nitrogen retention studies 
conducted on the rat, that increasing the protein content of th(‘ ration leads to 
progressively poorer utilization of nitrogen for tissue anabolism, a greater portion 
of the protein in the ration senring merely as a source of (‘alories. In Dr. Allison's 
study, however, restriction of calories from non-protein sources, without compensa- 
tory increase in protein calories, leaves the organism a (lifli(‘ull choice: to use the 
protem for tissue synthesis, or for caloric purposes. Apparently, only when the 
restriction in total caloric intake is markedly severe, will Lhc organism fail to use 
dietary protein for the synthesis of tissue protein. 

It may be of interest to this gi’oup to mention that iMitcholl and his associates, 
at the University of Illinois, recently reported the rcsiills of studies on protein 
minima for nitrogen equilibrium, using natural foods as the source of protein, and 
humans as the test subjects. Essentially, the same technic as dosenbed by Dr. 
Allison was employed. They, too, observed that the individual lest siilqi'ets may 
differ as to their protein minimum, but that they tend to show a parallel rt'sponse 
levels of dietary protein intake. This finding, reported, now, from 
three different laboratories, should find application in studies with h j’’(lrolysat os and 
mixtures concerned with establishing their minima fiir nitrogen 
eqmlibnum. Such dietarj- mixtures may be cither too costly or unpalatable to 
almw serial studies on a large group of subjects. It is suggested that two or three 
individuals be employed to establish the slope of the cuiwe relating response to 
level of mtrogen intake. For each of the remaining subjects, it should suffice to 
conduct only one mtrogen balance study and extrapolate to the line of nitrogen 
e^libnum, by a line parallel to the average curve, established with the 

of mdividuals. The nitrogen balances for the supplementary subjects 
^ould, m each case, be slightly negative, thereby reducing to a minimum any error 
due to assummg the slope of the response cuive for each individual to be the same 
as for the mean. 


R^uming to Dr. Allison’s report, I would like to comment on one other phase. 
He states. The altered physiological slate of the hypoproteinemic dog increases 
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the utilization of protein nitrogen” This statement needs some qualification. 
Dr. Allison's experiments actually demonstrate that the altered physiolo^cal state 
of the dog, subsisting on a protein intake so inadequate that a reduction in the 
plasma protein concentration results, is responsible for increased utilization of 
protein nitrogen, during the peiiod of re-alimentation. The reports of others, cited 
by Dr. Allison, demonstrate that, during depletion by feeding a protein-free diet, 
the loss of plasma protein constitutes only a small fraction (about 4 per cent) of 
tihe total loss of nitrogen. In Dr. Allison's study, a condition of hypoproteinemia, 
dissociated from general protein depletion, was not produced. Indeed, it was for 
this reason we had criticized reports claiming to be evaluations of proteins for 
plasma protein regeneration, when based upon the prolonged feeding of protein- 
inadequate diets for the production of hypoproteinemia. It may be desirable to 
study the recovery of such depleted animals and rate proteins according to the 
responses elicited. However, it is improper to attribute this same rating to the 
proteins, in so far as the specific function (if one exists) of plasma protein forma- 
tion is concerned. 

In our studies on the influence of diet on serum protein regeneration, attempts 
were made to correct for that moiety of protein intake required for nitrogen equi- 
librium, using the plasmapheresis technic for the production and maintenance of 
the hypoproteinemia. Under such circumstances, it was found that the three 
more or less complete proteins, serum protein, luctalbumin, and casein, were ap- 
proximately equal, in promoling lh(‘ regeneration of serum protein. 




THE EVALUATION OF PROTEIN QUALITY 
IN THE NORMAL ANIMAL 

By Richard H. Barnes and David K. Bos&hardt 

From the Department of Biochemical Eeseaich, 

Sharp and Dohme, Inc., Glenolden, Pcnns^ylvania 

There are available to the investigator several methods of measuring 
the nutritive adequacy of jn'otein foods. These methods provide a 
good classification of dietary proteins, and their wide application has 
resulted in a rather comprehensive knowledge of many single protein 
sources and protein mixtures. The methods are more or less empirical, 
and occasionally values are obtained that are sufficiently out of line to 
lead one to suspect that a lack of adequate control was employed. It 
must be emphasized that these methods, empirical as they may be, have 
proven to be of considerable practical value. It is seldom that one 
observes a serious reversal in the relative classification of pi‘oteins, al- 
though variations in the absolute values obtained by any one method 
may be large. The practical usefulness of these methods, in their 
present form, should not cause a stagnation of effort toward improve- 
ments and a more thorough understanding of metabolic phenomena 
that are involved, for these are pathways that will lead to a more com- 
l)lete knowledge of protein nutrition. 

In this discussion, it is intended to present a few of the more or less 
controversial factors that are evident in the measurements of protein 
(liiality, for growth or maintenance in the normal animal. The factors 
that will bo discussed arc the following: 

A. Growth 

1. Growth rate, as an index of nutritive quality. 

2. The influence of the level of protein in the diet on tiie utilization 
of protein for growth. 

3. Paired-feeding, versus ad libitum feeding. 

4. The influence of caloric intake on the utilization of protein for 
growth. 

5. Body weight gain, as an index of body protein gain. 


( 273 ) 
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B. Maintenance 

6. The measurement of “metabolic” focal nitrogen. 

7. The measurement of “endogenous” urinary nitrogen. 

8. The measurement of the combined utilization of protein for 
gi’owth and maintenance. 

No attempt will be made at completeness, in the discussion of these 
subjects. Rather, each subject will be presented in the light of studies 
that have been conducted in this, and closely associated, laboratories. 

A. GROWTH 

Growth Curves as an Index of Nutritive Quality 

A very practical method of expressing the nutritive quality of pro- 
teins would be in terms of the amount of protein necessary for the 



PiGUHB L Mouse gro^\th rates, aiustrating a relative constancy of protein efficiency values (firams 
gajn in body weight per giam of protein consumed), with changing growth rates. 


attainment of a ceiiiain gi'owth rate. The classification of proteins or 
protein mixtures, on this basis, would provide a direct index of the 
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amount of any protein that would be necessarj', in order to provide for 
a given growth rate. For aevcral reasons, this method of classification 
is not feasible for the analysis of a largo group of protein sources. Fur- 
thermore, the method does not provide information concerning the 
fundamental nutritive characteristics of the protein per se, but rather 
gives an index of the nutritive quality of the entire diet. 

Examples showing the lack of relationship that may exist between 
the nutritive quality of proteins and growth rate may be seen in figures 
1 and 2. The four proteins, in figure 1, have the same nutritive quality, 
on the basis of Osborne, Mendel, and Ferry’s' protein efficiency meas- 
urement, but growth rates of the mice that received these proteins are 
not the same. In figure 2, the reverse situation is found. In this case. 



DAYS 

Fj(iUre 2. Moubo growth lates, illustrating ii rrlntho constancy of gro-wth lates, with wide varia- 
tions in protein oflicioncy values. 

mice growing at the same rate are found to have diffei-ent protein effi- 
ciencies. The inadequacy of this method of expressing protein quality 
is recognized by many nutritionists, and these data are presented 
merely as confirmatory evidence. In spite of the practicality of ex- 
pressing protein quality on the basis of growth rate, it would appear 
that this method is not adequate for the true evaluation of nutritive 
quality. 
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Influence cf the Level of Protein in the Diet on the Utilization of 

Protein for Growth 

Osborne, Alcnclol, and their associates’- were the first to show tiie 
influence of the protein content of tlie diet on protein utilization, as 
measured by the gain in weight, resulting from the ingestion of a unit 
weight of protein. Little recognition has boon given to the importance 



Figueh 3. The influence of the level of protein in tho diet on protein, efficiency values, ab meas- 
ured with mice. Protein efficiency i,s expressed as grains gain in weight per gram of protein con- 
sumed, and is calrulat«*d for 10 day feetlmg periods. (Bosshardtp 2>. IfiC.p Xi. O. ITdaOp X. M. 
AyreSp as B. K. Bames. J. Nutiition 31: 23. 1946.) 

of the level of protein in the diet, on the value of the protein effieicncy 
ratio. As a result, this widely employed method is frequently misused. 
The magnitude of the change in the protein efficiency ratio, resulting 
from the incorporation of different amounts of protein in the diet, is 
illustrated in figures 3 and 4. The originators of this method stip- 
ulated that the maximum ratio should be established, and this ratio 
then taken as the index of protein quality for growth. The common 
practice of employing a 10% protein diet, regardless of the nature of 
the protein, will result in a considerable distortion of nutritive values, 
and the magnitude of the error will increase as the nutritive quality of 
the protein decreases. 
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Paired-Feeding versus ad libitum Feeding 

It is difficult to rationalize any method for measuring the nutritive 
quality of protein, if the amounts ingested of all proteins studied are 
not equal. This point has been emphasized by Mitchell and his asso- 
ciates,® and has resulted in the wide application of the so-called paired- 
feeding method. In table 1, is illustrated the amount of restriction 



PER CENT PROTEIN 

FidURis 4. The influence of the level of protein in the diet on protein efficiency values, as meas- 
ured with rats. Calculations are for 42 day feeding periods. (Barnes, B. H., J. E. Maack, 
M. J. Knlirlxts, ft G*. O. Burr. (3ereal Chemistry. 22 : 273. 1945.) 

that may be imposed, when the two protein sources vary widely in 
nutritive quality. In both examples, typical paired-feeding experi- 
ments were carried out, over a 54 day period. At the end of this 
period, ad libitum feeding was begun. This had no effect on the poorer 
protein groups, because they were already eating to the limit of their 
appetites. The restricted pair-mates, receiving the better protein, 
immediately increased their food consumption and growth rate. In 
the first case, whole wheat flour was compared with a heat-treated 
wheat of distinctly poorer protein quality, and, in the second case. 
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ground white rice was compared with a heat-treated rice, also of dis- 
tinctly poorer protein quality. It is clear that paired-feeding, as prac- 
tised by many, gives an entirely artificial value for the better protein. 
If the restriction is severe, some of the belter protein may be wasted 


Table 1 

CoMP^R^Tmi RcfcsULTS WITH PAIRED AND ad Uhitum Feeding, When the Poorer 
Diet is Veri Restricting 

The whole wheat diet contained 112% protein, and the while lice diet, 5.65% 
protein, expressed on a drj” matter basis (Bames, R. H., J. E. Maack, M. J. 
Knights, & G. O. Burr. Cereal Chemistry, 22 : 273. 1945) . 



Average 

food 

intake 

g/day 

Avera^ge 
gain in 
weight 

g/oay 

Average pro- 
tein efficiency 
weight gain 
per gram 
protein 

Ratio of P.E. 
by ad libitum 
to P.E. by 
restricted 
feeding 

Whole wheat diet restricted by pair- 
ed-feeding . . 

3 44 

0 157 

0 42 

2 43 

Whole wheat diet following release 
to ad libitum feeding . 

7 46 

0 811 

1 03 


White rice diet restricted by paired- 
feeding .... 

4 77 

0 228 

0 92 

1 87 

White rice diet following release to 
ad Uhitum feeding . 

7 03 

0 711 

1 72 



as fuel, for which sucrose or lard could have served as well. A more 
complete discussion of the influence of caloric restriction will be con- 
sidered later. In table 2, is presented a comparison of protein efiS- 
ciency values, obtained at the maximum by ad lihitam feeding; at a 
10% protein level, by ad libitimi feeding; and at a 10% protein level. 


Table 2 

Effect op Equalizing the Protein Intake on Protein Kfpicieni’Y Values 

(Bames, R. H., J. E. Maack, M. J, Knights, & G. O. Burr. Cereal C'h(»inistiv. 
22: 273. 1945.) 


Protein source 

Maximum P.E. 
ad libitum 
feeding 

P.E. at 10% 
protein ad libi- 
tum feeding 

P.E. at 10% 
protein 
pair-fed 

WTieat gluten 

Soyflour Xo. 2 

Sotiiour Xo. 1 

Whole egg .... 

0,8 

1.8 

2.1 

3.8 

0,3 

1.5 

2.0 

3.8 

0.4 

1.2 

1.8 

2.6 
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by paired feeding. Although considerable differences in values are 
evident, tliese data alone do not permit one to conclude which is the 
more valid method of expressing nutritive quality. 

Figures 5 and 6 show the percentage utilization of absorbed protein 
for body protein gain, in the mouse and rat. In each case, the protein 
source was incorporated into an iso-caloric diet, at several levels. In 

PROTEIN UTILIZATION FOR GROWTH 



FitiiRn 5 Piotoiu nliliisalion loi body piotoiii gam in mouse Bod> piotein gam is for 20 
tl.iv leediug peiiods. Piotom absorbed is collected loi metabolic lecal nitiogen. (BOBShardt, 
B. K., Xi. C. Tdse, M. M. Ayres, & B. K. Barnes. J. Nutiition. 31: 23. 1946.) 

the rat studies, the animals were killed after 42 days and, in the mouse 
studies, after 20 days. Total nitrogen was determined on the car- 
casses minus intestinal contents, at the termination of the experiment, 
and body nitrogen, at the start of the experiment, was measured on 
control groups of animals. These data show that protein utilization 
for growth reaches maximal values at essentially the same level of 
absorbed protein. There is some slight deviation of the maximal points, 
but, even with proteins of widely differing nutritive quality, this devia- 
tion does not introduce any appreciable change in the calculated per- 
centage utilization for growth. For practical purposes, it may be said 
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that, at mavinial protein utilization, absorbed protein is the same. This 
illustrates how it is possible to equalize protein intake, by ad libiium 
feeding, and, therefore, to obtain the maximal protein utilization, with- 
out introducing an artificial food restriction. 



FiouBB 6. Protein utiluation for body protein gam in the lat. Body piotein gain is for 42 
(lav feeding periods. Piotem absorbed is not collected foi inctatiolic fecal nitiogen. (Barnes, 
B. H., J. B. Xaack, BC. J. Xnlffhts, ft G. O. Burr. Oeieal Chemistry. 22: 273. 1945.) 

In FiGrBE 6, the large circles represent protein utilization in pair- fed 
animals. It will be seen that, at this level of protein intake, protein 
utilization is on the ascending slope, but these data do not indicate any 
definite wastage of protein due to the caloric restriction that is imposed 
by reducing food intake to the level of the poorest diet that is con- 
sumed. However, it must be kept in mind that, even with ad libitum 
feeding, a caloric restriction may be imposed, due to the decreased appe- 
tite resulting from the incorporation of very small amounts of protein 
in the diet. 
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The Influence of Caloric Intake on the Utilization of Protein for 

Growth 

In the adult animal, a reatrietion of caloric intake results in a de- 
crease in the utilization of protein. This has been related to the well- 
known sparing action of carbohydrate on urinary nitrogen excretion, ‘ 
l)ut the data of Allison and his associates^ indicate that both fat and 
(*arbohydrate (*alories are effective in changing protein utilization. It 
is of considerable interest that these investigators find that protein 
utilization, in the adult dog, is not noticeably decreased, until the 
caloric intake is dropped to approximately 25 per cent of its normal 
maintenance level. Larson and Chaikoff® have noted that the nitrogen 
excretion of dogs receiving a “normal,” purified diet may be decreased, 
by supplying extra carbohydrate. In particular, they noted that the 
sparing action of the extra carbohydrate was dependent upon the time 
interval between feeding the normal, protein-containing meal and the 
extra carbohydrate. 

In the growing rat, the caloric decrease that results from pair-feeding 
a poor protein together with a good protein, may have some influence 
upon protein utilization. This is frequently cited as a criticism against 
the paired-feeding technique. However, in the paired-feeding studies 
mentioned earlier (figure 6) , there was no obvious decrease in protein 
utilization due to food restriction per se. This should not be considered 
as complete evidence that a small caloric restriction has no influence 
upon protein utilization, for the ad libitum animals that are used for 
comparison may also have a caloric restriction. 


Table 3 

Averxge Caloric Intake 

For 100 square conlimciors body hiirf.ice area (weight %. 11.36) of rats consuming 
diets containing whole egg protein. Food consumption was ad libitum and aver- 
age's are for 42 (lay fcc'ding pcriodjs. 


Dirt No. 

J^rotein calorich 
i in diet 

% 

1 

Avenige B.R. area 

Calories per 100 cm* 
i B.S. (average — 

42 days) 

1 

3.7 

173 

11.1 

2 

5.3 

212 

14.7 

3 

7.2 

236 

15.0 

4 

9.1 

281 

1 15.3 1 

5 

12.5 

302 

14.9 

6 

17.4 

306 

14.2 

7 

35.4 

308 

13.8 


□ Enclobcd figiues aic at maMiiiol piotoin utili/iiion 
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In TABLE 3, the average daily energy intake of gi*owing rats, per 100 
square centimetej's body surface area, is shown. These groups re- 
ceived diets containing whole egg protein lor 42 days, and were al- 
lowed to eat ad libitum. It will be seen tliat, at the hwcl of maximal 
protein utilization, there was maximal conbumption of total calories, 
for the attainment of a given body size. Caloric intake, i)ei- unit body 
surface area, decreases on either side of this point. Another example 
is presented in table 4. Mice, consuming iso-caloric diets containing 

Tablc 4 

Average C\loric Intake 

Oa the basis of weight'**, of mice coniaummg dietb containing casein. Food 
consumption was ad lioiLuni and averages are for 20 day feeding penodts. 


Diet X<>. 

Protein calories 
in diet 

Average weight^* 

Calories per 
gm. avo. wt.”* ‘ 


% 

gm. 


1 

2.79 

3.81 

2.34 

2 

4.90 ' 

4.52 

2.52 

3 

6.67 

5.33 


2.87 



8.72 

5.86 


2.86 


0 

11.52 

5.84 

2.67 

6 

13.30 

6.01 

2.69 

7 

17.80 

6.07 

2.51 

8 

29.40 

5.93 

2.46 


□ Enclosed figuies aie at ma\imal piotem utilization. 


different levels of protein, exliibit a similar relationship between caloric 
intake and protein utilization. This same type of calculation has been 
made for rats receiving 4 different proteins, and for mice receiving 3 
different proteins. In each of the 7 cases, the pattern of caloric 
utilization was tlie same. Although it cannot be concluded that 
optimal calories are supplied, when protein utilization is maximal, 
these data do show that the greatest caloric consumption, per unit body 
surface area, occurs at the level of maximal protein utilization. The 
low^er caloric consumption, on either side of maximal protein utilization, 
may have a marked effect on the extent of protein utilization. 

In TABLE 6, is shown caloric consumption, as a result of the ad libitum 
feeding of a series of diets containing a well heat-treated soyflour. In 
all other experiments, diets w'crc made equicaloric by replacing sucrose 
with protein. In this series, there are progi*essivc changes in protein 
content, but the caloric values of the diets, also, are altered by cluing- 
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ing the fat and cellulotse, as well as sucrose and protein content. The 
diets vaiy in caloric content, from approximately 2.5 to 6.6 calories per 
gram. In one set (group 1), the diet with the lowest protein content 
also has the lowest caloric value, and in the other (group 7 ) , the lowest 
protein content is in the highest caloric diet. It is intended to discuss 


Tvblk 5 

Caloric Int.\ke 

As a function of surface aiea, for lats receiving diets containing ditfeient amounts 
of soyflour protein for 42 daj^h. The caloric value of the diets was vaiied by 
changing the fat and fiber content. 


Diet 

No. 

Protein 
weight 
in diet 

Protein 
calories 
in diet 

Caloric 
value at 
diet 

Protein 

consumed 

Average 
B.S. area 

Calories per 
100 cm* 
B.S. (aver- 
age-^2 
days) 


% 

% 

C^al. 

gm. 

Cm* 


J 

6.8 

11.1 

2.50 

27.2 

195 


12.2 


2 

7.6 

9.5 

3.30 

26.6 

220 


12.6 


3 

10.4 

10.0 

4.25 

37.0 

233 


15.4 


4 

11.4 

9.5 

4.93 

35.1 

238 


15.2 


5 

14.3 

10.2 

5.73 

46.5 

259 


17.2 


6 

15.7 

9.8 

6.58 

45.8 

262 


1 17.4 

L 

7 

9.1 

5.7 

6.52 

22.0 

210 


17.9 


8 

10.4 

8.8 

4.83 

33.5 

235 


15.8 


9 

10,0 

9.6 

4.27 

35.8 

236 


15.4 


10 

9.8 

11.5 

3.51 

44.4 

249 


15.2 


11 

10.1 

13.8 

3.01 

49.0 

249 


14.0 


12 

10.7 

16.7 

2.63 

58.0 

260 


13.0 



□ Eufloswl hKUi<‘s an* at iiia\imal piotom utili/atioii 


the results of this study, from the standpoint of protein utilization 
alone. There are many interesting points, with regard to voluntary 
food intake, that have arisen from this study, but these factors do not 
enter into the scope of this presentation. It will be noted that, in the 
first 6 groups, the highest ratio of calorics to body surface area is at 
the level of highest protein intake, but, in the second series, the highest 
caloric ratio occurs at the lowest protein intake. With one exception, 
diet 7, the highest caloric intake is associated with the maximal protein 
efiiciencies. This same protein source has also been fed, in iso-caloric 
diets, to groups of rats. It is of interest to compare caloric intake 
with protein utilization, at different levels of protein intake, in the 2 
experiments. The left section of T\BnE 6 shows caloric consumption 
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and protein utilization, at the various levels of protein intake for rats 
that received the diets having a wide range in caloric value. These 
are the same data that were shown in table 5. The right section shows 
interpolated values of caloric consumption and protein eflBcicncy ratios, 
at the same levels of protein intake, but, in this case, the rats received 
iso-caloric diets of varying protein content. Comparisons must be 
made at the same level of protein intake, for it has been shown that 


Table 6 

The Relationships between Caloric Intake per Unit Surface Area and Pro- 
tein Efficiency Values at Equal Levels of Protein Intake 

The piotcin source employed in both sets ^^as a well-heated soyfloiir. 


Variation in caloric value of diet 

Constant caloric value 
of diet* 

Diet 

Xo. 

I Caloric 
value of 
' diet 

Protein 

consumed 

Calories 
100 cm^ 

B.S. 

P.E.^* 

Caloric 
value of 
diet 

Calories 
100 cm® 
B.S. 

P.B.** 

1 

2.50 

27.2 

12.2 

1.3 

4.5 

16.4 

1.5 

2 

3.30 

26.6 

12.6 

1.9 

4.5 

16.4 

1.5 

3 

4,25 

37.0 

15.4 

1.9 

4.5 

15.7 

2.0 

4 

4.93 

35.1 

15.2 

1.9 

4.5 

15.4 

2.0 

0 

5.73 

46.5 

17.2 

2.2 

4.5 

15.4 

2.0 

6 

6.58 

45.8 

17.4 

2.4 

4.5 

15.4 

2.0 

7 

6.52 1 

22.0 

17.9 

1.9 

4.5 

T67 

1.5 

8 

4,83 I 

33.5 

15.8 

1.9 

4.5 

16.0 

2.1 

9 

4.27 

35.8 

15.4 

2.1 

4.5 

15.4 

2.0 

10 

3.51 

44.4 

15.2 

1.7 

4.5 

15.4 

2.0 

11 

3.01 

49.0 

14.0 

1.7 1 

4.5 

15.5 

2.0 

12 

2.63 

58.0 

13.0 

1.7 

1 4.5 

15.7 

2.0 


* ^me of ^ese values ^were mteipolated liom cuives. 

Protem einciency; grams gam m weight per gioms of piotoin consumed. 


this is the primary factor governing the protein efficiency ratio. With 
one exception (diet 2), every case in which the protein efficiency ratio 
IS higher, at a given level of protein intake, the caloric consumption 
per unit body surface area, is also higher. This experiment cannot 
be considered final proof that protein utilization in growing animals 
may be influenced by caloric intake, in spite of the fact that the ani- 
mals consumed their food ad libitum. Protein utilization should be 
expressed in terms of body protein gain, rather than body weight gain, 
and some of the high protein efficiency ratios may be due to excess fat 
deposition, rather than protein. Hovrever, there is a strong indication 
that the utilization of protein is influenced by the caloric intake, under 
these conditions. 

The conclusions drawn from this study are that, in a series of iso- 
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caloric diets, containing different amounts of protein and eaten ad 
libitum j the greatest caloric consumption, per unit body surface area, 
(coincides with the level of protein intake that provides maximal protein 
utilization. However, there is some evidence that caloric intake is 
not optimal, oven at the level of maximal protein utilization. The 
lower protein utilization that is found at protein intakes on either side 
of the maximal protein efficiency ratio are probably due, in part, to 
insufficient caloric intake. 

Body Weight Gain as an Index of Body Protein Gain 

A common argument against the expression of protein values in 
terms of body weight gain is that the increase in body weight may not 
give a true index of the increase in body protein.^ Mitchell® and others 
have presented data showing that, in pair-fed rats, the nitrogen con- 
tent of the carcass may differ, when the nutritive quality of the protein 
being fed is not the sanu'. In tables 7 and 8, carcass protein (carcass 

T\ble 7 

Per Cent Protein (NxO ^o) in R\t Cvrcasses (Minus Intestinal Contents) 
AFTER Receiving Experimental Diets for 42 Days 


(Bames, R. H., J. E. Maack, M, J. Knights, 8e G. O. Burr. Cereal Chemistiy. 
22 : 273 . 1945 .) 


Protein in diet 

Whole egg 

Soyfiour 

Soyfiour 

Wheat gluten 

(approximate) 

No. 1 

No. 2 

% 

% 

% 

% 

% 


Ad libitum 


4 

15.8 









6 

16.2 

17.6 

17.9 


— 


8 

16.3 

17.8 

18.2 


17.1 


10 

1 18 . 0 J 

17.5 

18.0 


17.3 


12 


1 17.6 1 

18.2 


17.5 


14 

17.6 

18.0 

1 17.7 1 


17.2 


18 

— 

18.4 

19.1 


— 


20 

18.2 

— 

— 


16 . 5 * 


30 

— 

18.6 

19.6 


17.3 


40 

18.2 

— 

— 


17.7 


Pair-fed 

10 

19.8 

18.1 

18.8 

17.9 


□ Enclosed figuies aic at maximal pioU'in utili/atioii. 
* This ^aIue is apparentb m eiioi. 
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nitrogen X 6.25} of rats and mice are presented. The animals ate 
their food ad libitnm, and varying amounts of different proteins were 
incorporated in the diets. Although there is considerable variation in 
carcass protein among the various groups, it will be seen that, in both 
species, the carcass protein is essentially the same at the level of 


T\blk 8 

Perclm PROTEI^b {N xGJd ) Moose Carcasses (Minus Intestinal CoNTENTb) 

AFTER ReCEIMNG EXPERIMENTAL DiETS FOR 20 DaYS 


Protein in diet 
(approximate) 

Whole egg 

C*aseiu 


Wheat gluten 

% 

% 

% 

% 

4 


17.4 


16.6 



— 


6 


17.5 


17.0 



17.2 


8 


17.6 



18.0 



■Mil 


11 1 


17.9 



17.1 



17.1 


15 


19.1 


17.9 



17.6 


18 


— 


19.1 



17.8 


23 


21.4 


18.5 



17.7 


35 


18.1 


18.4 



18.4 



□ Enclo'^<Ml figuies aic at ma\inial piotoin effuiencios 


maximal protein utilization, regardless of the quality of the protein 
being ingested. From these data, it is concluded that total body 
weight provides a good index of body protein, if measurements are made 
at the level of protein intake providing maximal protein utilization. 

B. MAINTENANCE 

The above discussion has been restricted to certain factors that arc 
involved in the growth measurements of protein quality. The re- 
mainder of this discussion will be devoted to factors that are commonly 
considered to be inadequately understood, in the measurement of the 
maintenance utilization of protein. 

The Measurement of ‘'Metabolic** Fecal Nitrogen 

The usual procedure for measuring the metabolic fecal nitrogen is to 
determine the amount of nitrogen in the feces of animals receiving a 
protein- free diet. There is some question as to whether nitrogen excre- 
tion, during a protein-free period, measures so-called metabolic fecal 
nitrogen under conditions of protein feeding. In figure 7, is shown the 
fecal nitrogen of mice, plotted as a function of the protein content of 
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the diet. The fecal excretion is expressed as ingnis. nitrogen per 100 
gins, of dry food consumed, in accord with Schneider’s® observation that, 
within certain limits of food consumption, the metabolic fecal nitrogen 
is a function of the dry food intake. It will be seen that there is a 



FiGUitL 7 Focnl nitjofim o\(ie1ion uf mico i0(ci\iiig mriMsing ainounts of piotein (casein), 
(Bossliardlt, B. K., & B. H. Bames. J Nuliilion 31; 13 1946 ) 


regular progression in fecal nitrogen, as the protein content of the diet 
increases. However, with the lowest protein diet, wdiich, incidentally, 
was so low that it would not siippoH growth, there is a marked devia- 
tion in tccal nitrogen trom this regular progression In three dif- 
ferent studies with mice, when the intake of protein was low enough 
to prohibit growth, this same observation lias been made. An extra- 
polation of the fecal nitrogen figures, for the mice receiving protein in 
the diet to the point of zero protein intake, will give a considerably 
different value for the metabolic focal nitrogen than will be obtained by 
the direct metliod of measuring fecal nitrogen, during the feeding 
of a protein-free diet. The influence of tliis difference in the metabolic 
fecal nitrogen on the calculation of the biological value of protein is 
obvious. In most measurements of the biological value of proteins, 
the period of protein-free feeding is relatively short, and, sometimes, 
a small amount of egg protein is incorporated in the diet. It may be 
tliat the error indicated in the mouse studies would not be a factor, 
during the short period of feeding a protein-free diet. However, these 
results are sufficiently suggestive to warrant further investigation of the 
validity of measuring metabolic fecal nitrogen by feeding a protein-free 
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diet. Furthermore, results of both rat and mouse studies have indi- 
cated that egg protein is not completely absorbed, and it may be that 
the ingestion of small amounts of this protein source, during the meas- 
urement of metabolic fecal nitrogen, is not desirable. 

Measurement of Endogenous Urinary Nitrogen 

One of the most frequent criticisms of the biological value method ot 
measuring the nutritive quality of proteins, concerns the validity of 
the endogenous urinaiy nitrogen measurement. It is likely that much 
of this criticism is due to careless measurements of urinary nitrogen 
excretion of animals receiving a protein-free diet and, therefore, should 
be considered an error in technic, rather than validity. However, dur- 
ing the last year, there has been an accumulation of evidence, largely 
unpublished, from the laboratories of the Bureau of Biological Research, 
at Rutgers University, that may throw additional light on this problem. 
Allison and his associates" have found that the apparent biological value 
of proteins is markedly increased when the proteins are fed to dogs 
in a state of liypoproteinemia. Furthermore, an excellent protein 
source such as egg white, which, in a normal animal, has an apparent 
biological value of approximately 100, may far exceed this, when fed 
to the depleted animal. Some of these general observations have been 
recorded by others*^’ but, for the piu-pose of this discussion, specific 
reference will be made only to the work of the Rutgers group. An 
apparent biological value in excess of 100 means that, upon feeding a 
protein, the nitrogen excretion in the urine decreases. If the calculated 
biological value is exactly 100, there will be no change in urinary nitro- 
gen, upon ingesting the protein. It is obvious that the biological value, 
as it is defined by Thomas, cannot exceed a value of 100, and, therefore, 
apparent retentions in excess of 100 must mean a change in the so- 
called endogenous urinaiy nitrogen. The reason for a change in endo- 
genous urinarj^ nitrogen, in a protein-depleted animal, remains obscure. 
However, it is necessary" to recognize this fact, if an accurate inter- 
pretation of the biological value of protein is to be given. The observa- 
tion that the depleted animal exhibits a decreased urinary nitrogen, 
when fed egg protein, does not mean necessarily that, in a normal nu- 
tritional state, endogenous urinary nitrogen will change, under condi- 
tions of protein feeding. It is assumed that, in the usual measurement 
of the biological value, the animal is not subjected to conditions that 
will cause the development of protein depletion and that, throughout 
the course of the determination, the endogenous urinaiy nitrogen re- 
mains constant. In small animals, such as the rat and mouse, it has 
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been found that very short periods of feeding protein-free diets will 
result in a considerable depletion of the body stores of protein.^^ This 
may mean that, during the Unie necessary for the attainment of urine 
nitrogen eonstaney, on a protein fr(‘e diet (6-8 days), the small labora- 
tory animal may develop a state of protein depletion that would be 
sufficient to alter endogenous urinary nitrogen excretion. 

^ In many such studies, a small amount of whole egg protein is in- 
corporated in the diet, rather than leaving it completely devoid of pro- 
tein. The amount of egg protein is usually about sufficient for the 
maintenance of nitrogen equilibrium, and, as it is assumed that the 
biological value of this protein is essentially 100, the urinary nitrogen, 
during this regime, may represent endogenous excretion. In the small 
animal studies where egg protein diets have not been used, it is possible 
that one should review the data carefully, in order to determine whether 
or not sufficient protein depletion has taken place to result in an 
altered endogenous urinary nitrogen. In human protein nutrition 
studies, Murlin and his associates^ have made a practice of feeding 
egg protein to their subjects, in place of the protein-free diet. The 
original reason for this replacement diet was to overcome the unpalata- 
bility of the protein- free regimen. In their early studies, milk protein 
was used for this purpose,^'* but, when it was recognized that egg pro- 
tein had a higher nutritive value, the latter protein was used. 

It is probable that a true understanding of endogenous urinaiy nitro- 
gen excretion, under conditions of protein feeding, will not be realized, 
until tracer studies with labelled protein are carried out. However, it 
would appear likely that, under carefully controlled conditions, accom- 
plished by either feeding small amounts of egg protein in small animal 
studies or sufficiently short periods of protein-free feeding in large ani- 
mals, measurements of endogenous urinary nitrogen can be made, that 
will enable one to calculate the true biological value of proteins. 

The Measurement of the Combined Utilization of Protein for Growth 

and Maintenance 

MitchelP® extended the biological value measurement to growing 
animals, and it is with this type of test animal that most determinations 
are now carried out. Little attention has been given to the relative 
utilization of the dietary protein, for purposes of maintaining the nitro- 
genous integrity of the body tissues and in providing for the gain of 
body protein. It is recognized that the protein requirements for these 
two processes are not the same. Therefore, it is important to have a 
clear understanding of the relative proportions of dietary protein that 
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are diverted into these two types of utilization. By using the method 
originally employed by Osborne and Mendel,^®’ it has been possible 
to measure the amount of protein that is utilized for the maintenance 
of the gro-sving rat. This is done by feeding amounts of protein that 
will maintain nitrogen constancy of the young rats, without permitting 



GRAMS PROTEIN ABSORBED 

Figlsg 8. The compaiathe utilization of absorbed protein for maiiitcnaiico and growth. The 
piotein source is a veil heat-treated so 3 ’flour and was fed ad libitvm to groups of rats over a 42 
day period. Waste energy is the absorbed protein that was not utilized for growth or mainte- 
nance and is so called because this caloric utilization represents a dispensable function of proteins. 

growth to take place. The adequacy of this maintenance measurement 
has been checked by measuring the maintenance requirements of adult 
rats, by the method of Melnick and Cowgill.^® When expressed on 
the basis of body surface area, it was found that the maintenance re- 
quirements, as measured by these two methods, checked. This indi- 
cates that the maintenance requirement is a function of body size and, 
in this sense, confirms the results of Smuts,^® Olsen and Palmer , 2 ® and 
others. In FiorRE 8, the relative utilization of absorbed protein for 
maintenance and growth is shown. The protein source used for this 
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illustration is a high quality soyflour, but this same type of calculation 
has been applied, also, to three other protein sources. It will be seen 
that the percentage of absorbed protein that is utilized for carcass gain 
passes through a maximum, as the amount of absorbed protein in- 
creases. The percentage of absorbed protein that is used for mainte- 
nance reaches its highest iioiiit at that level of absorbed protein that 
maintains the animal without any gi’owth taking place. If more pro- 
tein is ingested, the percentage of absorbed protein utilized for mainte- 
nance decreases. The sum of the growth and maintenance factors 
is the biological value. As a result of the changes in growth and mainte- 
nance utilization, the biological value decreases, as more protein is 
absorbed. This decrease in biological value, with increases in food 
consumption, has been observed by Mitchell.^^ It may be pointed out, 
here, that the maintenance measurement that is carried out, by the 
method of Allison and Anderson,^^ is in the region of negative nitrogen 
balance that is represented by protein levels less than that level which 
provides for maintenance alone. It is assumed that the percentage of 
absorbed protein that is used for maintenance in this region of protein 
absorption will remain constant. For purposes of this discussion, the 
pertinent fact is that, in the region of positive nitrogen balance, at dif- 
ferent levels of protein intake, the relative amounts of absorbed protein 
used for growth and maintenance are not constant. 

A study of three other proteins having different nutritive qualities 
has shown that, at a given percentage protein in the diet, the relative 
utilization of absorbed protein, for growth and for maintenance, is 
different for each protein. In table 9, is presented a comparison of the 

Table 9 

Relative PARTicii'.vrioN os tiuowTH and Maintenance in the Establishment 
OP THE Biological V.ahib When Appboximatelv 10 Per Cent Protein is 
Included in tub Diet 


Protein source 

Protein 
apparently 
absorbed 
per rat/ 

42 days 

Biological 

value 

Relative 
participation 
of growth 

Relative 
participation 
of mainte- 
nance 


gm. 

% 

% 

% 

Whole egg 

36 

99 

77 

23 

^yflour No. 1 

27 

67 

65 

35 

So^our No. 2 

Wtieat gluten .... 

20 

64 

59 

41 

20 

35 

26 

74 





292 


ANNALH NEW YORK ACADEMY OF SCIENCES 


four protein sources that were studied. The wide range of participa- 
tion of the absorbed protein, in growth and maintenance, is clearly evi- 
dent. Since it is well recognized that the protein requirements are con- 
siderably different for maintenance and growth, the interpretation of 
the biological value, in the growing animal, becomes very confusing. 
The conclusion that is drawn from this study is that growth and 
maintenance determinations should be made separately, if a clear in- 
terpretation of the biological value is to be obtained. 

CONCLUSIONS 

Growth 

1. Growth rates sliould not be used alone, as an index of the nutri- 
tive quality of proteins. 

2. In the measurement of the growth-promoting qualities of pro- 
tein, the level of protein in the diet has a considerable effect upon the 
results that are obtained. The maximal ratio of weight gain to pro- 
tein ingested sliould be obtained. At this maximal ratio, the amount of 
protein absorbed is essentially the same, regardless of the nutritive 
quality of the protein. The common practice of measuring gain in 
body weight, as a function of protein consumption, with diets fed ad 
libitum and containing an arbitrarily selected amount of protein, may 
be useful in a preliminary rating of proteins, but should not be given 
wide application, without a full understanding of its limitations. 

3. The protein efficiency values that are obtained by the method of 
paired-feeding do not coincide with the maximal protein efficiency 
ratios that may be obtained by ad libitum feeding. If the maximal 
ratio of weight gain to protein ingested is considered to be the most 
valid expression of the nutritive quality of proteins, for growth, the 
paired-feeding method should not be employed. 

4. Evidence has been presented that the influence of caloric intake 
upon the grow’th utilization of proteins may be greater than has been 
suspected, heretofore. It is probable that this is particularly impor- 
tant when the protein content of the diet is low enough to result in a 
marked restriction of food intake. There is some evidence that, even 
in the range of maximal protein efficiency ratios, caloric consumption 
may not be optimal. 

5. Under conditions of protein feeding where the maximal protein 
efficiency ratio is obtained, total body weight provides a good index 
of total body protein. 
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Maintenance 

1. The nitrogen excretion, in the feces of an animal that is main- 
tained on a very low protein diet, over a long period of time, is not 
indicative of ‘^metabolic” fecal nitrogen, under conditions of more ade- 
quate protein feeding. In the small animal maintained for short 
periods of time on a protein-free diet, fecal niti’ogen may not repre- 
sent the “metabolic” fecal nitrogen of a protein-feeding period. 

2. Urinary nitrogen excretion, during the period of feeding a pro- 
tein-free diet to a protein-depleted animal, does not represent “endo- 
genous” urinary nitrogen, for conditions of protein feeding. Further 
emphasis is given to the feeding of a small amount of egg protein, 
rather than a protein-free diet, for the measurement of “endogenous” 
urinary nitrogen in small animals. 

3. The relative utilization of dietary protein, for growth and main- 
tenance, is dependent upon the level of protein ingested and the nutri- 
tive quality of the protein. Since the protein requirements for growth 
and maintenance are different, it is concluded that these two factors 
should be measured independently and not in combination. 
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DISCUSSION OF THE PAPER 

Dr. Walter C. Russell (Department of Agricultural Biochemistry ^ Rutgers Uni- 

versity, New Brunswick, N. J.) : 

As Dr. Barnes has indicated, basically two methods are in use in attacking the 
problem of the nutritive value of protein. One involves the measurement of the 
increase of cell mass, with or without relation to the quantity of protein con- 
sumed and the composition of the tissue produced; the other, the quantity of 
nitrogen retained by the cell mabs from that absorbed from the digestive tract. 
The results obtained with these methods have permitted a classification of pro- 
teins, according to nutritive or biolo^cal values, so that proteins may be said to 
be of excellent, medium, or poor quaUty. Aside from sei*vmg, to some extent, as a 
guide in compounding rations for farm animals and diets for the human, the 
results of these methods of the evaluation have been of little value in answering 
the question as to what combinations of proteins should be used to obtain opti- 
mum response, in farm animals and in humans. For example, the compounding 
of rations for the efficient production of swine is still on an empirical basis. De- 
spite the number of experiments reported, and still being conducted, there is not, 
as yet, an underbtanding as to why certain food combinations are effective and 
others are not. Furthermore, the experimental methods used, to dale, have not 
fumislied a basis for predicting what protein combinations should be used, to give 
a complete pattern of amino acids for all requirements of the animal. 

I should like to report briefly some of the attempts we are making to use the 
white rat for a bioassay procedure In a study of the nutritive value of legumes 
cooked for human consumption, the method of paired-feeding for equal consump- 
tion w^as used, \vith skimmed milk powder as the reference protein. During a 
40-day trial, the animals which received pea bean protein gained an average of 
OA gm., and consumed an average of 5.5 gin. of food, per day. Those receiving 
the skimmed milk protein consumed the same quantity of food and gained about 
1 gm. per day. On an ad libitum basis, the animals on the skimmed milk diet 
could gain 2.7 and consume upward of 10 gm. of food, daily. It was apparent, 
as Dr. Barnes has pointed out, that the animus on the better protein were being 
severely penalized. These results told us only that one protein was better than 
another, but gave us no information as to how the poorer protein differed from 
the better. 

Although Dr. Rose’s studies at Illinois (Science, 86: 298, 1937) indicate that all 
of the e^ntial amino acids must be present, if one is to obtain a growth response, 
the feeding of one essential amino acid to each of the rats which had been on the 
legume diet for 40 daj's was tried, in an attemnt to find what essential amino 
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acids were lacking. Only in the case of methionine was there a response. This 
was quite dramatic, m that the animal gained 6 gm., in the first 24 hours, and an 
average of 2.4 gm. per day during a 12-day test period. The addition of aU 
esi,ential ammo acids, except methionine, gave no response. When methionine 
was removed from the diet, there was a sharp drop m weight, there bemg a loss 
of 13 gm. in 7 days, or almost 2 gm. per day. This observation of the response 
of the legume to the methionine supplementation is not new, since it has already 
been reported by A^'oods, Beeson, and Bohn (J. Nutr. 26: 327, 1943) and others. 
We were impressed, however, by the rapidity of the response to methionme feed- 
ing, and the abrupt fall in weight when the amino acid was removed from the diet, 
indicating that there was no storage of this nutrient factor, as in the case of the 
vitamins. 

The same study was conducted with yellow com meal as the source of protein. 
In this instance, tliere was no marked stimulation of growth, but slight increases 
were noted for lysine, phenylalanine, tryptophane, and valine. In the case of 
gelatin, the use of the single essential ammo acids failed to promote growth. 
When a group of five of them, picked at random, was fed, there was no response 
and, when the remaining five were fed, they faded to stimulate ^owth. On the 
other hand, when all of the ten amino acids were fed with gelatin, the latter at 
the S7c protein level, there was a marked increase in growth rate. 

On the basis of thcbo results, one could draw the tentative conclusion that the 
protein of pea beans furnished a considerable percentage of each of the essential 
amino acids, except methionine, whereas the protein of com and gelatin did not 
provide a pal torn of essential amino acids, which, when supplemented with single 
amino acids, w’ould btimulate growth. Thus, two proteins could show, by growth 
or balance methods, a low nutritive value. The deficiency in one may be due 
to the lack of single amino acid, wdicreas, in the other, it might result from inade- 
quate quantities of several. In compoundmg a diet, the first protein might be 
readily supplemented; the other, with difficulty'. 

It IS well knowm that the protein of the soy bean promotes good growth in the 
w’hite rat. In our laboratoiy, as previously demonstrated by Dr. Helen S. 
Mitchell (Western Hospital and Nurses’ Rev. 11: 26, 1928), the protein of the 
chick pea, also called garbanza, ceci, and gram, promotes growth almost equal to 
that of the soy bean. Both of these legumes have a protein of higher nutritive 
quality than any of the common legumes so far studied. 

Since, with none of the common legumes fed as a sole source of protein, is 
there more than slight growth stimulation, it seemed worth while to give atten- 
tion to the question as to whether certain varieties of the common legumes have 
better growth-promoting properties than others, and wdiether any of them equals 
the nutritive value of the proteins of soy beans and chick peas. Rather than enter 
upon an cxtcnsu'c study, on the basis of paired feeding methods, we used the fol- 
lowing technique. The rapid response to the feeding of methionine, and the 
immediate loss in w'cight wdwn this ammo acid w’as removed from the diet, led us 
to try a short experimental period, as compared with the longer 4 to 8 w'eek 
periods, which have been used so frequently. Cooked dried legume seeds were 
fed at the 109^ protein l(‘vel for a period of 10 days, following which the diet was 
supplemented by tlu* incorporation of 0.1% methionine, for a 10-day period; after 
this, the supplementation w’as increased to OBVt, for another 10 days. Following 
this period, llio inethionino w’as removed, and the effect noted when the basal ra- 
tion only was fed for a 10-day period. 

Seventeen varieties of peas, lima beans, and snap beans wore studied. During 
the first 10 days of the feeding of the basal diet, the King of the Garden variety 
of lima beans showed a gain of 0.7 gm. per gram of protein consumed. When 
tliis vaiiety was supplemented with 0.1% methionine, the gain per gram of pro- 
tein consumed w'as 3 gm., and w'hen the supplement was raised to 0.6%, the gain 
was 3.1 gi-ams. During the last ten days, when the basal diet was fed, the anim^ 
actually' lost weight. For this variety, it would seem that methionine is the prin- 
cipal, if not the only amino acid, lacking. This variety, the best of any tested, 
does not approach the proteins of the soy' bean and chick pea, in gro'^^-promo- 
tion. For all of the other varieties, there w'ere either veiy slight gains or los8» 
during the basal period, and lesser gains, in each of the periods of supplementation, 
than those noted for the King of the Garden variety. 
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Unless methionine acts in some special way, it seems to be the principal de- 
ficiency of these legumes. On the other hand, the amino acid patterns of most 
of them are certainly not as complete as that of the King of the Garden variety, 
because one variety of peas, Thomas Laxton, gave a response of 1.7 gm., when 
0.1% methionine was fed, and only 1.9 gm., when 0.6% methionine was the sup- 
plement. If each of the seventeen varieties had been tested by the paired feeding 
method, the conclusion would have been reached that the protein is of poor qual- 
ity. Except for the numerical expression of nutritive value, on a relative basis, 
the use of the 10-day test period leads to the same conclusion. 

These, then, are some attempts in the direction of shortening the period of assay 
of proteins and of endeavoring to use the rat for the purpose of determining amino 
acid deficiencies. 

It seems to me that the fundamental question in this field of investigation is 
what information sliould we have, m order to predict the protein or combination of 
proteins necessaiy to meet the requirements of the animal organism, for all func- 
tions and at all stages of life. The ideal answer would be the complete and 
accurate picture of lie essential amino acid composition of each protein; that is, 
the quantitative essential amino acid pattern. This, would be the answer, if we 
could be sure that there are no other nutrient factors, as yet unknown, associated 
or not associated with protein, which are necessary’ for the optimum utilization 
of the amino acids absorbed from the digestive tract. 

The es^ntial amino acid contents of a number of proteins have been determined 
by chemical and microbiological methods, and data of this type are increasing 
in volume, but agreement between the results obtained by different methods is not 
always satisfactory. It would seem that the next step would be to use a small 
experimental animal, the rat or mouse, in an attempt to confirm, biologically, the 
amino acid patterns obtained by chemical and microbiological methods. Experi- 
ments dealing with this problem are now under way in our laboratories. 



THE ELECTROPHORETIC STUDIES ON THE EF- 
FECT OF PROTEIN DEPLETION ON PLASMA 
PROTEINS AND THE REGENERATION OF 
PLASMA PROTEINS AFTER ORAL ADMINIS- 
TRATION OF HYDROLYSATES PREPARED 
FROM CASEIN AND LACTALBUMIN* 

By Bacon F. Chow 

Divkion oj Pi olein Chemistry ^ The Squibb Institute jor Medical Research, 
New Brunswick, New Jersey 

Electrophoretic analyisis is a very valuable tool for biochemical re- 
search on proteins and has been used with success, not only as a guide 
to the purification and characterization of proteins, but also for 
the detection of changes in plasma proteins, due to immunization or 
other physiological reactions. The earlier work of Tiselius*’ demon- 
strated that the production of antibodies, in response to immunization 
of rabbits, was accompanied by an increase of the gamma-globulin frac- 
tion of the electrophoretic patterns of their plasma. The results of 
other investigators^"^® disclosed that antibodies produced by different 
species of animals, upon immunization, migrate either with the gamma- 
globulin fraction of serum, or as a new component, with a mobility 
intermediate between beta- and gamma-globulins. 

Moore and his associates'^’ reported that the sera of intact, normal 
rats contain little or no protein component, usually designated as alpha- 
globulin, wlien clectrophorctically analyzed in a saline-phosphate buf- 
fer at pH = 7.4. However, this component was shown to be present 
in the serum of every hypotliyroid rat examined, no matter whether 
the hypothyroidism was due to thyroidectomy or thiouracil feeding. 
On the other hand, Ijcwis and McCullagld’' reported tliat their hypo- 
thyroid patients had a low alpha-globulin, but an increased beta- 
globulin. In the cases of hyperthyroidism, the plasma albumin was 
below normal level, but, in the majority of cases, the alpha-globulin 
was markedly increased. After correction of hyperthyroidism by 
thyroidectomy, or of hypothyroidism by thyroid therapy, the plasma 
protein pictures approximated the normal. 

Numerous investigators^ tried to ascertain whether there was any 

* The author wishes to express his gratitude to Shirley M. Quuid for technical assistance. 
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correlation between the electrophoretic patterns of plasma of patients 
and different diseases. They found that diseases such as pneumonia, 
malaria, and streptococcus infections caused a rise in the alpha-globulin 
fraction. Dole and Emerson^^ studied electrophoretic changes in the 
plasma protein patterns of patients with relapsing fever. They found 
that these patients had normal total protein concentrations, but a de- 
pression in albumin and increases in the globulins, notably fibrinogen 
and gamma-globulin. 

Dole, Watson, and Rothbard^® made similar studies in patients with 
scarlet fever. From their results, they concluded that there was an 
early depression of albumin, with rises in the alphai- and alpha2- 
globulins and a delayed rise in gamma-globulins, in the pattern 
of plasma of both rheumatic and non-rheumatic subjects. It is 
generally agreed, therefore, that electrophoretic analysis is of no diag- 
nostic value, because of the absence of any specific change in the pat- 
tern of patients with different types of diseases, and, in some cases 
(malaria, for instance ) , the patterns tend to return to normal, despite 
persistent infection. However, it is probable that determination of 
the total protein concentration and of the true albumin: globulin ratio, 
by electrophoretic analysis, w’ould be a useful adjunct in evaluating the 
severity of diseases. 

It is our belief that, in some cases, the alteration of plasma com- 
ponents is related, in part, to protein depletion, as well as to other 
metabolic shifts attributed to the disease. 

THE EFFECT OF DEPLETION ON PLASMA PROTEINS 

The effect of protein depiction on plasma protein components of dogs 
was investigated by Zeldis and Ailing.^** They found that, during the 
first twenty-four hours following acute plasmapheresis, appreciable 
quantities of all components of plasma proteins entered the circulating 
blood stream, even during fasting, to replace the proteins lost by the 
body. These results showed that the body has a store for all these 
proteins for replenishment. Alpha- and beta-globulins, according to 
their report, continued relatively elevated, during subsequent days. 
Initial albumin levels were regained more slowly than those of total 
globulin. 

In a more recent paper, Zeldis-® and his associates reported their 
electrophoretic studies on dogs, following chronic depletion of circu- 
lating plasma proteins. Their results showed that many weeks of 
low^-protein feeding brought about the alteration of albumin and 
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globulin concentrations. The albumin concentration was decreased, 
whereas the alpha-globulin was increased. No significant changes 
occurred in the concentration of beta- or gamma-globulins or fibrinogen. 
Unfortunately, they did not determine the plasma volume in all the 
cases studied. Hence, the amount of circulating proteins can only be 
estimated. 

We^^ have been interested in following the change of composition 
of various plasma proteins of dogs, during chronic depletion by both 
plasmapheresis and protein-free feeding. For this purpose, six dogs 
were depleted of protein, by feeding a protein-free diet, for 6 to 10 
days, after which plasmapheresis was performed, for 2 to 5 days. Dur- 
ing these days, one quarter of the blood volumes of the dogs was re- 
moved daily. The cells wore returned as a suspension in a normal 
saline solution. This period of plasmapheresis was followed by pro- 
tein-free feeding, until the plasma protein concentration was relatively 
constant, at 4.0 to 4.5 grams per 100 ml. of plasma. 

The protein nitrogen, as well as the non-protein nitrogen, in plasma 
were determined by the micro Kjeldahl method. Plasma volume was 
determined by the method of Gregersen and Stewart.^- For electro- 
phoretic analyses, 10 ml. of plasma were diluted with an equal volume 
of 0.10 N sodium dicthylbarbiturate buffer at pH = 8.4 zfc 0.1. The 
protein solution was then dialyzed in the ice-box, for at least 24 hours, 
against two liters of the same buffer. Electrophoretic analyses were 
carried out according to the technics of Longsworth.-* His directions 
and methods of resolutions were also followed for the determination of 
relative percentage of various components. The ascending and de- 
scending patterns of the plasma of five dogs are shown in figures la 
and lb. The electrophoretic pal terns in figire la represent those 
plasma samples taken before depletion, and those in figure lb are the 
corresponding samples taken after depletion. Tlicse electrophoretic 
patterns of plasma of dogs usually showed a greater number of com- 
ponents than that of other species of animals, such as human, bovine, 
etc. There was no difficulty in separating fractions corresponding to 
albumin, alpha-globulins, and gamma-globulin. Their electrical mobil- 
ities show only slight variation, in all experiments. However, the 
separation of the other fractions was less distinct and, therefore, was 
more subject to error in resolution. A comparison of the area in 
FIGURE 1 showed distinctly that the area under the albumin peak de- 
creased sharply, whereas the alpha-globulin peaks increased noticeably. 

The percentages, as wtII as the total circulating alpha-globulins anri 
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albumins, are presented in table 1. It was found (table 1) that such 
depletion in dogs brought about hypoproteinemia, by the reduction of 
plasma volume (with the exception of Dog 54), as wtU as a lowering 
of plasma protein concentration In terms of percentages, albumin was 
reduced, alpha-globulins were increased, and the gamma-globulin re- 
mained essentially unchanged. In terms of grams of total circulating 
proteins, albumin deci eased markedly; the gamma-globulin tended to 
decrease &lightly; whereas, the alpha-globulins showed very little 
change or even slight increase. 



Figure lb The ascending and descending pattern'*! of plasma of t\so more dogs before and 
aftei depletion. (T= «i: ? = «-•) 

In order to find out the effect of protein depletion on other globulins, 
we have tabulated, in table 2, the total circulating proteins, albumin, 
alpha-globulins, and other globulins, expressed in terms of grams per 
kilogram body weight. The term, ''other globulins,” is used to desig- 
nate the protein components obtained by subtracting from the total 
protein both albumin and alpha-globulins. It can be seen that the 
net result of protein depletion on the other globulins is a marked de- 
crease, in three out of six dogs; a slight increase, in one dog; and no 
change, in the remaining two. Further work is necessary to elucidate 
the difference in the behavior of these individual animals. The mainte- 
nance of circulating alpha-globulins, even in the highly depleted state, 
demonstrates the ability of the body to replace these protein com- 
ponents, which, presumably, play an important role in the normal 
functioning of the body. 



Composition op pL\bMA Protein of Dogs before and after Plasmapheresis 
AND Protein-Free Feeding 
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T\bld 2 

Ch \ngms op T()t\l CiRCULmNG Albumin \imd Globulins due to 
Protein Depletion 

TCT = Total (*i] dilating pioteiiis in gm kgm. body weight; TCA = Total cir- 
culating albumin in gm/kgm. body w^eiglit, TCaG = Total circulating alpha-glo- 
bulins in gin^ kgm. body weight; T(DG = Total cii dilating globulins, excluding 
a-globulins, in gnu kgm. body weight. 


Dog. No. 

Weight, kgm. 

TCP 

TCA 

TCaG 

TCOG 

28 

8.9 

3.43 

1.51 

0.85 

1.07 


8.8 

2.73 

0.81 

0.83 

1.07 

31 

0.8 

4.44 

1.86 

0.66 

1.92 


5.9 

2.29 

0.63 

0.85 

0.81 

33 

7.9 

3.24 

1.29 

0.48 

1.47 


7.3 

2.46 

0.84 

0.62 

1.00 

52 

9.5 1 

2.96 

0.86 

0.62 

1.48 


9.0 

2.22 

0.53 

0.62 

1.07 

54 

12.5 

2.22 

1.00 

0.35 

0.87 


11.1 

2.06 

0.43 

0.60 

1.03 

61 

12.3 

2.61 

1.12 

0.52 

0.97 


11.0 

1.99 

0.32 

0.72 

0.95 


REGENERATION OF PLASMA PROTEINS 
A. After the Administration of Casein Hydrolysate* 

To bring about the regeneration of plasma proteins, wef have fed 
three dogs, which were previously so depleted by plasmapheresis and 
protein-free feeding, according to the method just described, that their 
plasma protein concentrations dropped from an initial value of about 
6.5 grams per cent to about 4 grams per cent. Samples of their blood 
were taken, before and after depletion, as well as after each period of 
feeding of about 5 days, for the determination of plasma protein con- 
centration and plasma volume, and for electrophoretic analysis. 

The results of both descending and ascending patterns of plasma 
of Dog 62 are shown in figure 2. These samples of plasma were drawn 
from the dog before and after depletion, as well as after different periods 
of feeding of casein hydrolysate. It can be noted that there was a 
decrease of albumin peak and an increase of alpha-globulin peaks, as 
a result of protein depletion (compare B with A) . Five days after, 

* Casein hydrolysate was prepared in the Squibb Institute for Medical Re- 
search, by digestion of casein with trypsin. 

t Chow, B. F., J. B. Allison, W. Bt. Cole, ft B. B. Seeley. In press. 
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oral feeding brought about a very marked increase in albumin content. 
After 36 days of feeding, the electrophoretic pattern was essentially 
normal. 

The compositions of the plasma of all three dogs are collected in 
TVBLE 3 and show that oral administration of casein hydrolysate stim- 
ulated the regeneration of albumin and globulin fractions of all three 
dogs. The increase in total circulating proteins was noticeable, after 


Table 3 

Plasma Protein Reqener\tion op Dogs, Previously Depleted by Protein-Free 
Feeding and Plvsm\phbresis, following Or\l Administration op 
Casein Hidrolys^te 

TCP = Total cireulatiiig proteins in grams; TCA = Total (*iroulating albumin in 
grams; T(^G = Total cirouiating globulins in grains; — «« Indicates no electro- 
phoretic analysis. 


Dog. No. 

Date 

TCP 

TCA 

TCG 

Treatment 

62 

5/24 

6/25 

6/30 

7/5 

7/10 

7/16 

7/26 

7/31 

21.1 

13.7 

104 

16.0 

18.2 

20.5 

21,0 

22.0 

10.4 

5.0 

5.9 

4.3 

6.6 

6.7 

6.7 

6.8 

10.7 

8.7 

10.7 

11.7 
11.0 

13.8 
14.3 
15.21 

Normal 

Before feeding 

Five days feeding 

Ten days feeding 

Fifteen days feeding 
Twenty-one days f^ing 
Thirty-one days feeding 
Thirty-six days feeding 

Net Increase 

7/31 

8.3 

1.8 

6.5 

Thirty-six days feeding 

61 

3/9 

4/13 

4 18 
4/23 
4/28 
5/3 

5/8 

5 14 

32.1 

22.0 

30.4 

35.0 

34.0 
31.3 

41.0 
4C.6 

2*1.6 

27.7 

22.9 

29.5 

32.2 

31.0 

35.2 

34.1 
36.0 

13.8 
3.5 

9.1 

11.3 

11.3 

12.6 

16.9 

18.3 
18.5 

25.9 

22.7 
20.0 

28.4 

29.7 ' 

Normal 

Before feeding 

Five days feeding 

Ten days feeding 

Fifteen days feeding 
Twenty-one days feeding 
Thirty-one days feeding 
Thirty-faix days feeding 

Net Increase 

54 

5 n 

3/6 

4/13 

4/17 

4/23 

4/28 

5/3 

5/8 

5/14 

13.4 

12.5 

4.8 

5.9 
8.4 
8.1 

14.8 

11.0 

13.7 

11.2 

15.2 
18.1 
23.6 

23.8 

22.9 
20.4 
23.1 

22.3 

Thirty-six days feeding 

Normal 

Before feeding 

Five days feeding 

Ten days feeding 

Fifteen days feeding 
Twenty-one days feeding 
Thirty-one days feeding 
Thirty-six days feeding 

Net Increase 

5/14 

13.1 

8.9 

4.2 

Thirty-six days feeding 


the first period of feeding, i.e., five days, for all three dogs. In order 
to bring the total circulating proteins back to the “normal” value, it 
required about one month of feeding, for Dog 62, and about 5 to 10 
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days, for the other two dog^. The dift’erenee in the rate of recovery 
to '‘normal” may be due, in part, to differences in the degree of protein 
depletion and the variation of response among dogs. 

It is of interest to note that oi'al administration of the casein-hy- 
drolysate rai)idly brought about the regeneration of both albumin and 
globulins, and, after eontiniiod feeding, the total circulating albumin 
reached the “normal” values in two dogs (Dogs 61 and 54), but below 
the “normal” value in Dog 62. Dog 62 showed another abnormality, in 
that its total circulating albumin was decreased on 7/5 sample. How- 
ever, sample of its plasma, taken on or after 7/10, again showed definite 
and consistent increase in albumin. Continued feeding of this hy- 
drolysate raised the total circulating globulins considerably above the 
“normal” values in all three dogs. The net increase in total circulating 
proteins (albumin as well as globulins), which is obtained by subtract- 
ing the total amounts in circulation, before feeding, from the corre- 
sponding amounts after thirty-six days of feeding, is given on the last 
line of TABLE 3. In all cases, there was regeneration both of albumin 
and globulins, although the ratio of regenerated albumin to regenerated 
globulins showed a wide variation among the three dogs (0.20, Dog 62; 
1.17, Dog 61; 2.12, Dog 54). 

B. After the Oral Administration of the Lactalbumin Hydrolysate* 

Two of the protein-depleted dogs were fed the lactalbumin** hy- 
drolysate orally. Samples of the plasma were obtained and analyzed, 
in the same manner as that described for the other three dogs receiving 
casein hydrolysate. The results of both descending and ascending 
patterns of plasma of Dog 63 are shown in figure 3. The electro- 
phoretic patterns of the second dog yielded essentially the same re- 
sults. These samples were withdrawn from the dog before and 
after depletion, as well as after different periods of oral administration 
of lactalbumin hydrolysate. It can be seen, from figure 3, that oral 
administi'ation of this hydrolysate brought about an increase in albu- 
min and globulins, after 5 to 10 days of feeding. However, unlike the 
plasma of dogs receiving casein hydrolysate, the plasma of this dog 
showed more marked increase in albumin, after 36 days of feeding 
(compare hydrolysate of figure 2 with hydrolysate of figure 3) . The 
analytical results of the composition of the plasma samples of both 
dogs are collected in table 4. 

*The lactalbumin hydrolysate used was likewise prepared bv the tryptic <li- 
gestion of lactalbumin. 

*• Chow, B. P., J. B. AlUson, W. H. Cole, & B. B. Seeley. In press. 
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| — desceitdiflc ascendint 1 

3i OaYS 

PiGURL 3. The descending and ascending pattern*! of plasma of Dog 63, show mg the effect of 
protein depletion and lepletion after the oral administiation of lactalbunim h.\ drolj sate. ( ^ = on; 
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T\ble I 

PlAS\I\ PK0TE1^ RloEM^KATIO-N OF DoOb, PREVIOUSLY DePLKTLI) BY ProTEIN-KkKI'J 
P^EDING AND Pl\SM*YPHERESIS, FOLLOWING Or\L AdMINISTRYTION OF 
LaCTALBUMIN HY’DROLY’SATB 

TCP — Total circulating proteins in grams; TCA = Total circulating albumin in 
grams; TCG = Total circulating globulins in grams. 


Dog So. 

Date 

TCP 

TCA 

1 TCG 

Treatment 

63 

5,25 

6 '25 

6/30 

7/5 

7/10 

7/16 

7/26 

29.7 

19.8 
24.3 

1 30.9 

‘ 26.4 

1 27.6 

; 28.8 

13.6 

4.4 

5.8 

10.8 

12.4 

12.7 
15.9 

16.1 

15.5 

18.5 
20.1 
14.0 

14.9 

12.9 

Normal 

Before feeding 

Five days feeding 

Ten days feeding 

Fifteen days feeding 
Twenty-one days fading 
Thirty-one days feeding 

Net Increase 

7/26 

9.0 

+11.5 

-2.6 

Thirty-one days feeding 

60 ’ 

5/24 

6/25 

6/30 

7/5 

7, 10 
7/16 
7/26 
7/31 

26.8 

18.2 

23.0 

25.3 

25.4 

28.0 
30.1 
27.9 

11.5 

3.5 

4.1 

8.4 
11.8 
14.4 
14.2 I 

15.3 

14.7 
18.9 

17.0 

16.2 

15.7 

13.7 

Normal 

Before feeding 

Five days feeding 

Ten days feeding 

Fifteen days feeding 
Twenty-one days fe^ng 
Thirty-one days feeding 
Thirty-six days feeding 

Net Increase 

7/31 

9.7 

+ 10.7 

-1.0 

Thirty-six days feeding 


Like the casein hydrolysate, the lactalbumin hydrolysate brought 
about an appreciable regeneration of total circulating proteins of these 
two depleted dogs, after five days of oral feeding. After about ten 
days of feeding, the regeneration of total circulating globulins appeared 
to have reached its peak, which was considerably higher than the nor- 
mal value for both dogs. Further feeding of this hydrolysate caused 
a continual rise of albumin content, but a gradual decrease of globulin 
content. As a matter of fact, after about a month of feeding, the total 
circulating albumin was above ^^normal” value. The total circulating 
globulins receded to a level definitely below normal. This decrease** 
was due mainly to the lowering of alpha-globulin contents. Thus, the 
net increase of total circulating proteins (see the bottom line in table 
4) was due entirely to the increase of albumin. 

A comparison of the results given in table 3 and table 4 shows that 
oral feeding of either casein hydrolysate or lactalbumin hydrolysate 
can bring about an increase in the total circulating albumin and globu- 
lins to their “normah’ values. However, with prolonged feeding of 
lactalbumin hydrolysate, there is a trend of continued rise in albumin, 


•* To be published in another communication. 



CHOW: KLECTROPHORKTia i:>TUDim ON PLAHJilA PROTEINS 309 

but a gradual decrease of globulins, so that the net increase in total 
circulating proteins appears to be entirely due to increase in albumin. 
On the other hand, witli prolonged feeding of casein hydrolysate, the 
initial gain in both albumin and globulin fractions can be maintained, 
or even possibly increased, so that the net increase of total circulating 
proteins, after 36 days of feeding, is due to both albumin and globulins. 
Furthermore, this difference in plasma protein regeneration is reflected 
in the albumin: globulin ratio. Thus, this ratio for dogs receiving 
lactalbumin hydrolysate, for a month, was greater than one (1.23, Dog 
63 ; 1.04, Dog 60) , and it was less than one (0.28, Dog 62; 0.57, Dog 61 ; 
0.61, Dog 54), for dogs receiving casein hydrolysate for 36 days. 

Since a part, or all, of certain amino acids originally present in the 
proteins may be removed or destroyed, during the preparation of the 
hydrolysate, complete analyses of all essential amino acids, as well as 
some non-essential ones of the casein and lactalbumin hydrolysates, are 
being undertaken and will be reported elsewhere. Although the limited 
number of dogs does not permit us to draw definite conclusions, it ap- 
pears certain that the oral administration of these two hydrolysates 
can regenerate different types of plasma proteins. 

DEPLETION AND REGENERATION OF PLASMA PROTEINS 

IN MAN 

A. The Relationship between Albumin and Alpha-globulins 

From the above discussion, we note that protein depletion in dogs 
can bring about a decrease in percentage of albumin and an increase in 
percentage of alpha-globulins. It is of interest to ascertain whether 
such a relative change also takes place in man. 

In collaboration with Dr. Co Tui, we have analyzed electrophoretic- 
ally the plasma of 13 of his patients. Some of them were postoperative, 
while others suffered from tuberculosis and severe malnutrition. In 
all cases, the plasma protein concentration was also determined. The 
following points are worth noting: The patients, KA and ME (table 
5) , were greatly depleted in the total protein concentrations (3.84 and 
3.89 grams per cent, respectively). The albumin contents of their 
plasma were as low as 19 per cent and 24 per cent, but the alpha- 
globulins were much higher than normal, being 68 and 47 per cent, 
respectively. Similarly, the plasma of the patient, AL, with a total 
protein concentration of 5.78 gi’ams per cent, contained only 24 per 
cent albumin, but as much as 38 per cent alpha-globulins. These re- 



Table 5 

Electrophoretic Patterns op Plasma* op Dr. Co Tufs Patients 
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! Remarks 

Appendectomy 
Gall bladder 
Bone fracture 
Hernia 
Ca-Stomaeh 
^Malnutrition 

Malnutrition 

Hernia 

Malnutrition 

Cancer 

Tuberculosis 

1 

1 
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suits suggest that patients with low plasma protein concentrations, 
that is, in the depleted state, also have less albumin, but more alpha- 
globulin, than normal. Hence, they appear to be in agreement with 
those results obtained in dogs. Furthermore, there is no apparent 
relationship between the decrease in per cent of albumin with the 
change of other plasma protein components, like beta- or gamma- 
globulins. 

In collaboration with Dr. Tom Spies,* Miss M. Bieler, and Mr. R. 
Johnson, we have analyzed electi*ophoretically the plasma of 10 pa- 
tients (table 6) with diseases somewhat different from the former 
group. It is interesting to note that the patients, ED and RLP, had 
only 29 and 32 per cent plasma protein as albumin. Their alpha- 

T^ble 6 


Electrophoretic Patterns op Plasma* op Dr. Tom Spies' Patients 


Patient 

Serum 

ITselius analyses, per cent 


Disease 

proteins 

^ybumin 

ai 

ai 


<l> 

y 

ND 

5.12 

70 

5 

7 

6 

3 

9 

Control 

EB 

— 

54 

5 

8 

6 

7 

20 

Addison's Disease 

WC 

6.97 

50 

4 

6 

9 

3 

28 

Chronic monocytic 
leukemia 

SJ 

6.55 

50 

6 

11 

16 

3 

14 

Diabetes mellitus 

EMF 

6.61 

46 

7 

10 

10 

4 

23 

Rheumatic heart and 

AD 

5.6 

45 

5 

11 

20 

4 

15 

Dia^ietes Mellitus 

WB 

— 

45 

9 

15 

9 

9 

13 

Cerebral accident with 
arteriosclerotic heart 

CD 

5.55 

43 

6 

11 

19 i 

4 

17 

Cardiac decompensation 

RLP 

5,89 

32 

9 

18 

12 1 

4 

25 

Diabetes mellitus 

ED 

— 

29 

8 

14 

14 

7 

28 

Tuberculosis 


• Composition of each component is expressed in per cent of the total plasma 
proteins. 


globulins were higher than normal (22 and 27 per cent, respectively) . 
The results obtained from this group of patients again confirm the 
fact that a drop in albumin content is usually reflected by an increase 
in alpha-globulins. 

From the results, it may be concluded that a drop in the albumin 
content is usually associated with a corresponding increase in the 
percentage of alpha-globulins. This relationship takes place for the 
plasma of patients, regardless of the cause of protein depletion (i.e., 
low plasma protein concentration) and irrespective of the type of 
disease or history of the patient. 

* In collaboration with the University of Cincinnati Studies in Nutrition at the 
Hillman Hospital, Birmingham, Alabama. 
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B. Plasma Protein Regeneration in Man 

In order to study whether our casein hydrolysate will also regenerate 
plasma proteins, when given orally to man, wc have fed it to four pa- 
tients. The plasma protein concentration, as well as plasma volume, 
were determined before and after treatment. The albumin and globu- 
lin contents were determined electrophoretically. The results of such a 
series are collected in table 7. 

It can be seen that, in the first place, there was an increase in the 
total circulating plasma proteins, for all four patients. This increase 
is due both to an increase of plasma volume, as well as to plasma pro- 
tein concentration, excepting the case of SI, who had an apparently high 
protein concentration of 7.13 gi*ams per cent, but low plasma volume 
of 45.0 ml. per kilogram body weight, before the hydrolysate therapy. 
However, the decrease of plasma protein concentration, after 17 days 
of feeding, was more than compensated for by a greater increase of 
plasma volume, so that the net result was a definite gain in the total 
circulating proteins. Electrophoretic analyses show’ed that both albu- 
min and globulin fractions were regenerated, following the protein hy- 
drolysate therapy. 


DISCUSSION 

Changes in the composition of plasma proteins can take place as a 
result of immune reactions, infectious diseases, or diseases due to hor- 
mone deficiency, protein depletion, or physical injuries (burns, frac- 
ture). It appears, therefore, that, to study the effect of protein hy- 
drolysate administration, it is of paramount importance to follow not 
only the qualitative, but also the quantitative, changes of the plasma 
proteins, in order to evaluate properly the efficacy of protein therapy. 

Plasma protein regeneration studies have been made by numerous 
investigators. The most extensive investigations were made by Weech 
24-26 associates. In their studies, these observers used intact 

proteins, such as serum, casein, and meat. Cox, Mueller, and their 
associates'^’ reported on the serum albumin regeneration, as effected 
by intravenously and orally administered hydrolysate, prepared by the 
pancreatic digestion of different proteins. For comparative measure- 
ment of serum protein regeneration, they used the technique developed 
by Weech and Goettsch.®® Albumin regeneration was measured by 
determining the total protein concentration with the Kjeldahl method, 
and the percentage of serum albumin was determined by the method of 
Howe.®® Thus, the change in seinim albumin, during a week of sup- 



Table 7 

Pl\&ma Protein Regeneration of Patients following Protein Hydrolysate 

Administration 
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plementary feeding of the protein, was taken as the basis for compari- 
son. ITpon these results, it was concluded that enzymic hydi’olysates 
of casein, lactalbumin, and beef serum proteins are equally effective in 
the regeneration of plasma albumin in hypoproteinemic dogs, whether 
given orally or intravenously. 

Elman and his co-workers made similar studies on regeneration 
of serum proteins with protein hydrolysates. They reported increases 
ill serum protein concentration, in operative patients, with hypoprotein- 
emia following intravenous administration of the hydrolysate. Re- 
generation of serum albumin also took place in protein-depleted dogs, 
after oral or intravenous administration of the hydrolysate. The 
albumin determination was also made, with the chemical fractionation 
method. 

Any discussion of plasma protein metabolism would be incomplete 
without reference to the classic work of Professors Whipple and Madden. 
For theii’ study, they prepared a ^'standard protein-depleted dog,” by 
plasmapheresis and protein-free feeding. By limiting and controlling 
the diet nitrogen intake, they were able to bring these dogs to a steady 
state of hypoproteinemia and a constant level of plasma protein pro- 
duction. Administration of appropriate mixtures of essential amino 
acids brought about nitrogen retention, as well as protein regeneration. 
Omission of some one essential amino acid from such a mixture may 
make it totally inadequate for plasma protein regeneration. 

In this communication, we have emphasized, not the change of pro- 
tein concentration, but the change of circulating proteins, as a result 
of protein hydrolysate administration. The importance of the deter- 
mination of plasma volume cannot be overemphasized, since regenera- 
tion of total protein may occur, even with a decrease of plasma protein 
concentration, because of larger increase of plasma volume. In addi- 
tion, with the aid of electrophoretic analysis, one can not only deter- 
mine more accurately the albumin: globulin ratio than with the chem- 
ical method, but one can follow the change of the various protein 
components, either during depletion or regeneration. In this way, it 
was possible to differentiate the two different patterns of plasma pro- 
tein regeneration, after casein and lactalbumin hydrolysate therapy. 

There appears to be a relationship between the drop in albumin 
and a corresponding rise in alpha-globulins. The rapidity with which 
alpha-globulins are replaced, after the removal of a large percentage 
of this fraction of proteins (by plasmapheresis and persistent increase 
in alpha-globulins, due to a variety of diseases) , indicates their phy- 
siological impoitance, although their functions are not well understood. 
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SUMMARY AND CONCLUSIONS 

It was found, with the aid of electrophoretic analyses, that protein 
depletion brings about a decrease in the circulating albumin and globu- 
lins (with the exception of alpha-globulins). Oral administration of 
protein hydrolysate to depleted animals brings about regeneration of 
plasma proteins. The casein hydrolysate will regenerate both albumin 
and globulins, even on prolonged feeding. The lactalbumin hydrol- 
ysate will also regenerate both albumin and globulins, at the start. 
However, prolonged feedings of this hydrolysate favor the regeneration 
of albumin, and result in a decrease of globulins. 

Plasma of patients with different types of diseases, with total protein 
concentration ranging from 4 grams per cent to 8 grams per cent, were 
analyzed electrophoretically. The results indicate that protein deple- 
tion, due to malnutrition, tuberculosis, or cancer, is invariably accom- 
panied by the lowering of the albumin and corresponding increases 
in alpha-globulins. Oral administration of our casein hydrolysate will 
regenerate both albumin and globulin fractions. 
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BLOOD PROTEIN REGENERATION AND 
INTERRELATION 

By G. H. Whipple, F. S. Robsgheit-Robbins, and L. L. Millee 

University oj Rochester, School of Medicine and Dentistry, Rochester, N. I'. 

We propose to start with a brief outline of our concept of blood pro- 
tein metabolism. Food proteins yield the amino acids absorbed from 
the intestinal tract, and the amino acids are synthesized, in the liver 
cells (and elsewhere), into plasma proteins. These plasma proteins 
(and amino acids) supply the protein requirements of the body cells. 
Normally, there is a considerable reserve of plasma protein-forming 
material (1 to 5 times the circulating mass) , which reseiwe may be re- 
duced by fasting, low protein diet, or plasma depletion. This deple- 
tion of protein reserves lowers the body resistance to infection and in- 
toxication. These body protein stores, protein production, and protein 
wear and tear are in a nicely balanced or steady state: a dynamic equi- 
librium. These proteins can pass readily from plasma into cells, and 
the reverse, without loss of nitrogen. Whatever our concept of protein 
molecules and their passage through cell surfaces,' we must admit that 
protein does pass through cell surfaces readily, as a part of the normal 
protein metabolic exchange. 

Hemoglobin in its production may derive in part from plasma pro- 
tein, but hemoglobin contributes to the “protein pool” for exchange 
only when the red cell is destroyed, and then, after separation of the 
iron and complete loss of the pigment radicle, to the liver and bile. 
The body guards jealously the fabrication of hemoglobin and, given a 
real need for both plasma protein and hemoglobin (anemia and hypo- 
proteincmia of double depletion), the protein flow favors hemoglobin. 
Under these circumstances, the hemoglobin is always produced in more 
abundance than the plasma protein, usually two or three to one 
(table 1). 

Globin from hemoglobin is broken down in the body continuously, 
due to red cell obsolescence, and is obviously perfectly suited to build 
new hemoglobin, with the addition of iron and the pigment radicle. 
These experiments* show that globin contributes to the “protein pool” 
material which serves well the protein requirements of the body. 
Nitrogen balance can be attained in dop with normal blood, when 
abundant laked red colls are given intraperitoncally, and a basal ration 
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Table 1 

Intr\peeitone\l Hemoglobin Contributes to Plasma Protein and Hemoglobin 
Production in Anemla and Hypoproteinemia 


1 

1 

Period 

1 wk. 

1 

Weight 

' 1 

Protein intake j 

Protein output 

Production 
ratio 
Plasma 
protein to 
hemo- 
globin 

Total nitrogen 

1 

Type Weekly 

1 Hemoglobin | 

Plasma protein 

Intake 

Urinary 

output 

Le\el 

Output 
per wk. ! 

Level 

Output 

1 per % k. 

1 

1 

gm 

1 

gm, 

per 

cent 

gm. 

gm, 1 

pei 

cent 

1 

gm. 

per cent 

gm. 

gm. 


Dog 37-28 Dog henioglohm — intraperitoneal 


2 

20.9 


20 

6.7 

19.5 

4.7 

11.0 

56 

3.2 

10.9 

3 

19.4 

Hb— 31.9 gm. 

30.7 

9.4 

57.3 

5.4 

25.8 

45 

5.2 

8.2 

4 

19.2 ! 

Hb — 42.9 gm. 

40.8 

8.1 , 

48.2 

4.8 

21.7 

45 

6.9 

8.3 

5 

18.9 ! 

Hb — 44,0 gm. 

42.2 

9.4 I 

12.9 

4.5 1 

5.8 

45 

7.1 

8.7 

6 

17.9 

Basal 

15 

8.2 

25.5 

4.3 

11.1 

44 

2.4 

6.2 

7 

17.0 

Basal 

11 

8.2 

1.6 

1 

4.4 

0 


1.8 

6.3 


Dog 87-82 Dog hemoglobin — intraperitoneal 


1 

17.1 1 

i Basal 

18 

7.7 

16.2 

4.6 

9.5 

59 

2.9 

8.4 

2 

16.4 

Hb— 38.6gm. 

37 

10.9 

12.9 

1 4.5 

5.8 1 

45 

6.2 

7.1 

3 1 

1 15.9 

Hb — 60.7 gm. 

58 

10.7 

45.5 

‘ 4.7 

19.7 1 

43 

9.8 

6.8 

^ I 

15.3 1 

Hb — 44.2 gm. 

51 

11.7 

18.3 

4.3 

7.3 

40 

8.6 

6.4 

5 ! 

14.7 1 

Basal 

9 

11.7 

1.7 

3.4 

0 


1.4 

5.3 


supplies the needed carbohydrates, fats, minerals, and vitamin acces- 
sories. Globin is not as effectively used as is plasma protein, and there 
is a larger nitrogen output in the globin experiments, but these dogs 
remain close to nitrogen and weight balance. It is surprising that a 
relatively incomplete protein (globin) can contribute so effectively to 
the protein pool, as it must obviously be supplemented by the amino 
acids inadequately represented in globin, drawn from some reserve 
store, to produce cell protein or plasma protein. The whole globin in 
some dogs is more effectively used than the hemoglobin digests, sug- 
gesting that some of the globin may be used, without much breakdown 
and loss of nitrogen (table 2) . 

Plasma proteins (in plasma), tested in the same manner by intra- 
peritoneal injection, are completely utilized, with no loss of nitrogen, 
positive nitrogen balance, or w’^eight balance, and no change in the 
albumin-globulin ratios. 

Hemoglobin (globin) digests contribute effectively to body mainte- 
nance of nitrogen equilibrium. These digests are about as effective as 
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T\ble 2 

Plasma \nd L\kbd Red Cells Intrapbritoneallv — Nitrogen Bal\nce 
Dog 43-141 — Mongrel 


Period 

No. 

Blood 
proteins 
injected 
Total N 

Total 

urinary 

N 

Tiea N+ 
NHvN 

Total un- 
determined 
uri^ry 

(Mrciiluling 

plasma 

protein 

ie\el 

A/G 

ratio 

Tiaelius 

R.B.C. 

hemato- 

crit 

Weight 

^8 hrs. 

gm. 

tint. 

per rent 

qm. 

qm. per cent 


vol. 

per rent 



1 

2 

3 

4 


3.31 

2.55 

2.08 

2.34 

i 

76.7 
73.4 

68.7 

0.77 

0.68 

0.55 

5.72 

1 

1 

1 1 

41 

9.8 

Basal diet + whole blood plasma intraperitoneally 

5 

4.60 

1 .80 

75.5 

0.44 




9.4 

6 

4.17 

2.53 

83.5 

0.42 

7.64 


38 


7 

3.43 

1.48 

71.4 

0.42 





8 

1.86 

1.30 

65.8 

0.45 

8.90 


45 

9.3 

9 

3.80 

1.61 

67.4 

0.52 

9.70 


40 


10 

3.77 

2.19 

73.9 

0.57 






2.07 

2.70 

69.9 

0.82 

9.98 


41 

9.4 

12 

3.81 

2.52 

72.3 

0.70 





13 

4.03 

2.38 

68.2 

0.76 





14 

4.06 

2.14 

69.3 

0.66 

9.32 


35 

9.5 

Total . . 

35.6 

20.7 








Basal diet 


15 


2.14 

69.3 

0.66 


0.8 

29 


16 


2.00 

63.7 

0.73 



30 


17 


2.05 

67.2 

0.67 

7.72 


32 


18 


1.69 

66.0 

0.57 






B 

asal diet - 

-f- laked red blood (*c11h intraperitoneally 



19 

4.31 

2.00 

61.5 

0.77 

6.64 

1.0 

36 

9.2 

20 

4.62 

2.56 

72.0 

0.72 

6.61 


43 

9.2 

21 

4.10 

2.74 

70.6 

0.80 

6.50 


47 


22 

1.80 

2.40 

66.7 

0 80 





23 

4.09 

2.06 

71.5 

0.59 





24 

4.30 

3.39 1 



6.93 


51 


25 

2.25 

2.46 






9.1 

26 

3.62 

3.34 





46 


27 

3.80 

1.86 




0.5 



28 

4.63 

2.79 






9.1 

)tal . 

37.5 

25.6 








Basal diet 


29 

2.88 

30 1 

1.63 

31 

1.60 
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whole liemoglolhn in maintaining nitrogen balance, but caubc a rifee in 
imdcterniined nitrogen, not aeon when hemoglobin alone ih given intra- 
peri toncally (table 3j. 


Table 3* 

L\kbd Dog Red Cells Intrapebitoneally. Nitrogen Retention Improved m 
dl-Methionine, but Not by dl-Isoleucine 


Period 
(10 dajs) 

Total 

N 

intake 

Red Cell 
N 

injected 

Total 

urinary 

nitrogen 

Vt start of period 

W eight 

Circulating 

plasma 

protein 

level 

R.B.C. 

hemato- 

crit 


gm. 

gm. 

gm. 

Ig. 

gm. % 

eoi. % 


Dog 4S-31 


1) Basal 4- Hemoglobin 
+ dl-Isoleucino 

19.49 

16 80 

25.47 

14.8 

5.22 

66 

2) Basal 4- Hemoglobin 

4- dl-Methionine 

19.48 

16 45 

16.78 

14.0 

5.56 

64 

3) Basal 4- Hemoglobin 

4- dl-!^Iethionine 

4- dl-Isoleucine 

20.91 

16 75 

16 73 

14.3 

5.75 

63 



Dog JtS-SJi.6 




1} Basal 4- Hemoglobin 

20.94 

1 

18.64 

1 1 

19 49 

1 

10.0 

6.02 

50 

2) Basal 4- Hemoglobin 

4- dl-Methionine 

4- dl-Iboleucine 

22 00 

18.24 

13 43 

9,9 

6 87 

62 

3) Basal 4- Hemoglobin 

4- dl-Isoleucme 

17.28 

13 JO 

16.56 

9.9 

6.75 

62 


*T\bll 3 pi events a sumiiuiy of as 3 et unpublished data showing how mtiogen letention, during 
hemoglobm injection, is markedly lmpro^ed m adult dogs by a small supplement of methionine, 
but not by isoleucine. This is, understandabh , at variance with lepoits showing failme of imma- 
ture latb tu glow, un a dietarj containmg human oi beef globin as the ]>iotein component 

Pigment radicles derived from hemoglobm, given intraperitoneally, 
are thrown away and appear as surplus bile pigment, even when there 
is urgent need for all available nitrogenous material, given protein 
fasting, anemia, and hypoproteinemia in a bile fistula dog. The body, 
evidently, prefers to make, rather than conserve, the pyrrol aggregate 
(pigment radicle) (table 4). 

Given healthy dogs, fed abundant iron and protein-free or low pro- 
tein diets, with sustained depletion due to bleeding, we can study the 
capacity of these animals to produce, simultaneously, new hemoglobin 
and plasma protein. The reserve stores of blood protein-producing 
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Table 4 

Bile Pigment Excretion in Bile Fistulv Dog Increased by Laked Red Cell 
Injections — Anemia and Hypoproteinemia 


Dog 40-41 — R'de fiUula 


Peno<l No 

R. B. C. 

T'olal 

Bile 

( ircuUting 



injected 
Total N 

iiiiiiar} N 

piemen L 
excretion 

plasma protein 
level 

Hemoglobin 

eight 

49 hr<i 

gm. 

gm. 

mg. 

gm. per cent 

gm. per cent 

kg 


Basal diet (0 86 gm. N per period) 


1 


4 53 

63 

5.50 

8.9 

16 4 

2 


3.53 

58 




3 


2 73 

68 





Basal diet + laked red blood cells intraperitoneally 


4 

2.09 

2.71 

83 



14.9 


4.03 

3.75 

386 


12 7 


6 

2.54 

4.97 

525 

5.50 



7 

3.66 

3.82 

459 




8 

2.26 

3.30 

222 



14.1 

9 

4.63 

3.07 

391 




Total . . 

19.2 

21.6 






Basal diet 


10 

3.51 

192 

4.83 

15.4 

13.6 

11 

3.19 

104 




12 

1.61 

96 





materials, in this way, are largely depleted, and levels of 6 to 8 gm. 
per cent for hemoglobin, and 4 to 5 gm. per cent for plasma protein can 
be maintained, for considerable periods of time. These dogs are very 
susceptible to infection, and to injiiiy by many poisons. Under such 
conditions, these anemic and hypoproteinemic dogs will use very eflB- 
ciently a variety of digests (serum, hemoglolnn, and casein) and the 
growth mixture (Rose) of pure amino acids. Nitrogen balance is 
maintained, and considerable new blood proteins are produced^ (tables 
5 and 6) . 

Amino add mixtures are of especial interest. The gi’owth mixture 
of 10 amino acids (Rose) is well utilized by mouth, subcutaneously, 
intraperitoneally, or by vein. These ten essential amino acids are 
threonine, valine, leucine, isoleucine, lysine, tryptophane, phenylalanine, 
methionine, histidine, and arginine. Glycine is usually added to this 
mixture. By mouth, the amino acids are utilized a little more com- 
pletely than when riven narenterally. Our experiments give no eri- 
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Table 5 

Hemoglobin DioEbTS Intrw'enously — Nitrogen Balance 
Hemoglobin and Pl.\sm\ Protein Le\T!;ls 
Dog 39-251 


Period No. j 

1 Hemo- 
globin 
digebts 
injected 
Total N 

Total 
urinary ' 
N 

Urea 
' N -h 
NHa-N 

Total 
undeter- 
mined 
urinar5’' N 

Circu- 

lating 

plasma 

protein 

level 

R.B.C. 

hema- 

tocrit 

Weight 

iS krit. 

1 gm. 

gm. 

per cent 

gm. 

gm. percent 

rol. per rent 

kg. 


Basal diet (0.50 gm. N per period) 


\ 

^ 1 

1 48 

1 78 

59.5 

55.5 

0 60 

0 80 

5 56 

49 

10.9 

Basal diet + hemoglobin digest intravenousb' 

3 

4 36 

5 10 

59.5 

2 07 




4 

4 36 

3 55 

60 3 

1 41 



10 8 

5 1 

1 4 36 

5 33 

66 8 

1 77 




6 i 

1 4 36 

5 28 

65 5 

1 72 




7 i 

4 36 

4 08 

70 5 

1 20 




8 

4 36 

4 53 

72.1 

1 26 



11 1 

9 ! 

4 36 

4 50 

67 8 

1 45 

5 37 

46 


Total 

30 5 

32 4 


10 88 





Basal diet 


10 ! 

1 92 

64 1 

0 69 




11 ' ’ 

1 

1 76 

60 4 

0 70 



11 0 


Table 6 

Production of Hemoglobin and Plasma Protein Due to a Casein Digest 


Period 1 wk. j 

1 

Protein intake 

Protein output 

Produc- 
tion 
ratio 
plasma 
protein to 
hemo- 
globin 

Ratio 

protein 

output 

to 

intake 

Total 

nitrogen 

Weight 

Type 

Weekly 

Hemoglobin 

Plasma protein 

Intake 

Uri- 

nary 

out- 

put 

Level 

Output 
per wk. 

Level 

Output 
per wk. 

Dog No. 40-155. Casein Digest PS6092 

1 

1 

I 

1 ! 


gm. 


gm. 







kg. 


gm. 

per 

gm. 

per 

gm. 

per cent 

per 

gm. 

gm. 





cent 


cent 



cerd 



1 

15.1 

Digest — 

182 

5.1 

41.1 

6 6 

20.0 

51 

— 


25.1 

2 

14 8 

Digest — ^vein 

188 

6.9 

20.5 

6.5 

16.7 

84 

— 

59 2* 

25.2 

3 

14.0 

Basal 

26 

6.8 

10.0 

6.0 

8.2 

85 

— 

— 

14.7 

4 

13.3 

Basal 

30 

5.9 

10 7 

5 9 

7.4 

72 

25 

8 8* 

10.7 

Total output net .... 



62 


45 

73 




1 

14 1 

Digest — oral 

144 

6 3 

27.5 

5 0 

17.8 

67 





_ 

2 

13.7 

Digest — oral 

136 

6 3 

1 3 1 

5 5 

— 

— 

— 

— 



3 

13.8 

Digest — oral 

131 

7 7 

13.9 

5.3 1 

8 1 

61 

— 

— 

— 

4i 

13.5 

Basal 

18 

6 2 

22.5 

4 8 

12 2 

57 

25 

— 

— 

Total output net . . . 

1 1 

1 

73 


38 

52 
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dence that the unnatural isomers of the amino acids are toxic ; some are 
probably used in the body. These amino acid mixtures can be given 
rapidly, in lO per cent solution, parenterally, and cause less clinical 
disturbance than any protein digests so far tested. GlvUnnic acid, in 
digests or amino a(‘id mixtures, is not well tolerated by vein and may 
induce vomiting. Abundant production of plasma proteins, in stand- 
ardized dogs, is readily demonstrated in experiments in which these 
amino acids are the sole source of nitrogen. The production of new 
plasma protein, due to amino acids, in general corresponds favorably 
with the response to high grade diet protein in equivalent amounts 
(table 7). The first observations were upon dogs, but subsequent 

Table 7 

Production of Hemoglobin and Plasma Protein Dub to Amino Acids Necessary 

FOR Growth (Rose) 


’rotein intake 


Protein output 



Total nitrogen 



Hemo- 

globin 

Plasma 

protein 

tion 

ratio 

plasma 

Ratio 

protein 

output 


Uri- 

Type 

i? 

V 

Out- 

wk. 

Out- 
Le\el PgJ 
wk. 

protein 

to 

hemo- 

globin 

to 

intake 

In- 

take 

nary 

out- 

put 


Dog No. 40-32. Amino acid mixture Vc daily 






gm. 


gm. 


per 

cent 

per 

cent 




kg. 


gm. 

'per 

cent 

gm. 

per 

cent 

gm. 

gm. 

gm. 

1 

13.9 

Basal 

34 

6.8 

1.7 

\ 4.7 

0 






— 

2 

13.8 

Amino acid — oral 

177 

8.8 

18.5 

4.8 

12.4 

67 

— 

28 3 

15 8 

3 

12.9 

Amino acid — oral 

177 

7 5 

38.0 

4.9 

19.8 

52 

— 

28 3 

15.8 

4 

12.8 

Amino acid — vein 

177 

8 8 

16.8 

4.7 

7 7 

49 

23 

28 3 

16.7 

5 

12 G 

Basal 

0 

8 8 

1.6 

3.9 

0 

— 

— 

0 

4 03 

Total output net 

__ 


89 


34 






Dog No, 39-2. Amim acid mixture Tr daily 


1 

14.1 

Basal 

40 5 4 

7.6 

4.6 

4 8 

63 







2 

13.5 

Amino acid — oral 

100 7 3 

1.7 

4.6 

0 

0 

— 

— 

— 

3 

13.2 

Amino acid — oral 

77 9 8 

12 3 

4.3 

6 6 

54 

32 

28 3* 

16 7* 

4 

12.6 

Basal 

0 9.8 

2.1 

4.3 

0 

0 

— 

— 

— 

5 

12.3 

Basal 

011.0 

2.1 

4.0 

0 

0 

— 

0 

15 2* 


Combined figures for t^\o periods. 


observations on human patients gave the same picture.^ These amino 
acid mixtures are well utilized by patients suffering from chronic infec- 
tion (colitis), gastrointestinal disturbances (partial obstruction), or 
cancer cachexia. 
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The maximal output ceiling for hemoglobin, in anemia due to blood 
loss, is about 60 gm. per week, the dog receiving a rich protein diet, plus 
high iron intake. Ferrous and ferric salts are equally effective. Iron, 
intravenously absorbed, plus a rich protein diet, may push this level 
up to 90 to 100 gm., i)er week. Evidently, iron absorption is a limiting 
factor in these experiments. 

Maximal output for hemoglobin, plus plasma protein, in doubly de- 
pleted dogs/ may reach 120 to 130 gm. per week and, using intravenous 
iron, may reach 140 to 160 gm, per week (table 8) . 


Table 8 

Maximal Blood Protein Production— Grams per Week 
Anemia and Hypopboteinemu 


Period 

1 wk. 

Weight 

I Protein intake 

Protein output, weekly 

Ratio 

protein 

output 

to 

intake 

Total nitro- 
gen, gm. 

Hemo- 

globin 

Plasma 

Protein 

■> 

Total 

out- 

put 

1 

Type 

Week- 

ly 

Level 

Out- 

put 

Le\el 

Out- 

put 

In- 

take 

Uri- 

nary 

output 


kg. 


gm. 

gm. 

per 

cent 

gm. 

gm. 

per 

cent 

gm. 

gm. 

per cent 

gm. 

gm. 


Dog 


1 

18.5 

Basal 

19 

8.6 

26.3 

3.9 

9.0 

35.3 


3 

9.3 

2 

18,6 

Liver, beef, iron 

973 

7.8 

89.0 

5.1 

44.9 

133.9 

14 

157 

37.4 

3 

18.8 

Liver, beef, iron 

1037 

7.8 

38.3 

5.5 

23.5 

61.8 


166 

47.7 

4 

20.6 

Liver, beef, iron 

1037 

9.5 

69.4 

5.4 

38.6 

108.0 

1 10 

166 

67.0 

5 

20.2 

Liver, beef, iron 

1037 

6.6 

74.3 

5.3 

44.7 

119.0 

11 

166 

75.7 

Average output per \vk j 

67.8 


37.9 

105.7 





20.7 

Basal 1 

19 

6.6 

23.3 

4.6 

10.7 

34.0 


3 

18.3 

7 j 

18.3 

Basal 1 

1 19 

10.3 

17.9 

3.8 

6.6 

24.5 


3 

10.1 




Dog 37-85 







1 

15.2 

Basal 

84 

6.9| 

12.3 

4.9 

8.0 

20.3 


13 

8.4 

2 

16.4 

Liver, beef, iron 

764 

11.8' 

47.8 

5.3 

26.7 

74.5 

10 

123 

37.6 

3 

17.4 

Liver, beef, iron 

764 

12.3 

57.1 

5.5 

25.3 

82.4 

11 

123 

50.8 

4 

17.5 

Liver, beef, iron 

' 764 

1 

12.8 

78.5 

5.6 

42.9 

121.4 

16 

123 

68 1 

Averasre outout ner wk 

61.1 


31 6 

92.8 





Maximal output for plasma protein, alone, in hypoproteinemia due 
to plasmapheresis, reaches 60 to 70 gm., per week, but this is not the 
true ceiling. Technically, we cannot remove the new plasma protein 
as fast as it is formed, and the hypoproteinemia is not maintained, in 
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the face of a rich protein diet intake. Furthermore, the evidence points 
to the protein circulating pool as contributing to the accretion of tissue 
protein, in such dogs with a strong positive nitrogen balance and 
weight gain. 

Maximal figures for hemoglobin production in anemia run close to 
1 gm. hemoglobin per kilo per day. Maximal figui*es for new hemo- 
globin plus plasma protein production, in simultaneous anemia and 
hypoprotcinemia, using iron given intravenously, may reach 1.5 gm. 
blood protein per kilo per day. The actual, maximal plasma protein 
production equals about 1 gm. per kilo per day, but the true production 
ceiling cannot be reached by this technique (table 9) . 


T.\ble 9 

Maximal Hemoglobin Production — Gr-vms per Week 
Standard Continuing Anemia op 6 to 8 Gm. Hemoglobin 


Dog No, 

Dog 
Average 
normal 
weight kg. 

Daily 
diet 
Liver 
300 gm. 

Daily Diet 
Salmon bread plus 
iron 400-450 mg. 

Daily diet 
Salmon bread* liver 

1 plus iron 400-450 
mg. 

Daily diet 
Liver, salmon 
bread plus iron 
by vein 24 mg 

Re- 

duced 

Ferric 

Fer- 

roiib 

Re- 

duced 

Ferri c 

Fer- 

rous 

Col- 

loidal 

Fe 

Esti- 

mated 

plasma 

protein 

re- 

moved 

39-1 

18 0 

45’^ 

60 

51 

50 

62 

58 

66 

92 

71 

40-26 

14.5 

50 

59 

45 

60 

56 

63 

— 

80 

49 

37-21 

18.0 

41* 

58 

64 

54 

53 

52 

51 

82 

53 

34-148 

18.0 

44* 

49 

49 

54 

47 

63 

71 

106 

58 

34-145 

20.0 

47* 

47 

55 

57 

63 

82 

56 

95 

52 

37-89 

14 0 

40* 

32 

54 

42 

39 

48 

47 

84 

47 

33-14 

12.0 

38* 

28 

41 

44 

38 

58 

56 

75 

48 

Average, . . , 

16 3 

44 

48 

51 

52 

51 

61 

58 

88 
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2 to 6 <‘\poniiu*nis. 
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DISCUSSION OF THE PAPER 

Dr. S. H, Bassett iJJnlvo^ity of Rochcderj School of Medicine and Dentistry, 

Rochesterj N, Y ,) : 

The interesting experiments reported by Dr. Bobbins and Dr. Miller suggest 
that properly prepared protein hydrolysates, or suitable mixtures of pure amino 
acids, may be utilized as well as, or better than, plasma proteins or globin. Dr. S. 
C. Madden and I have been particularly interested in the parenteral use of such 
mixtures and have found them well tolerated, even in veiy ill patients and those 
whose stores of protein were greatly depleted. Unfortunately, the depleted human, 
especially w^hen suffering from obstruction to the gastrointestinal ti’act, presents 
a veiy chfdcult therapeutic problem. It is not within my province to discuss this 
matter in detail, since it is to be considered by other contributors to this sympo- 
sium. I would like to mention, however, that one of the limiting factors in the 
utihzation of the nitrogen given, seems to be the caloric intake. When all feed- 
ings were parenteral, it was dif5.cult to provide more than 1400 to 1600 calories a 
day as amino acids and glucose. Under these circumstances, most of the amino 
acids were promptly deaminized and appeared in the urine as urea and ammonia, 
probably because they were used as a readily available source of energy. While 
such a program may be beneficial in maintaining the iitatus quo, rapid repletion is 
noted only when the caloric intake rises to 2500, or more, per day. If full benefit 
from parenteral feeding is to be obtained, it seems urgent to find a means of ad- 
ministering non-protein calories at a considerably higher level than is, at present, 
feasible. 



NITROGEN METABOLISM IN ACUTE AND 
CHRONIC DISEASE 

By John P. Peters 

Yale Uniuerbity, School oj Medicine, Xvic Haven, Connecticut 

The muscular Avastage that accompanies febrile infections has 
been long recognized. As much as 60 years ago (mentioned by Shaffer 
and Coleman^ ) , it was demonstrated by Friedrich Miiller that patients 
with typhoid fever lost comparatively large quantities of nitrogen in 
the urine. The subject w^as examined in detail, by Shaffer and Cole- 
man,'^ in 1909; by Kocher,- in 1914; and by DuBois and associates,®"® 
from 1915 to 1922. The term applied to these losses of nitrogen, 
“toxic destruction of protein,” though based on conceptions that have 
been largely abandoned, has been so long employed that it may be re- 
tained, at least until enough has been learned of the nature of the reac- 
tions involved to justify the application of a more appropriate term. 
Subsequently, it has been showm that similar destruction of protein 
is encountered, after acute hemorrhage,'* ® operations and injuries,®”"^® 
and a variety of other conditions. 

The disorder, wdiich had been a matter of desultory interest, became 
a subject of urgent inquii^, during the war, because of the necessity for 
hastening the return of the sick and wmnded to active duty. With the 
discoveiy of new^ agents, wdiich have greatly reduced mortality, com- 
plications, and permanent disability, chiefly by limiting or eliminating 
the effects of infections, it was assumed that the duration of disability 
would be proportionally reduced. Actually, however, this did not prove 
to be the case. Among the factors wdiich appeared to retard rehabilita- 
tion and convalescence, loss of strength and nutrition were prominent. 
This was particularly unexpected, since the diets provided for sick and 
wounded in the armed forces were, according to accepted standards, 
more than adequate for their purposes. The reports that have come 
out of these renewed inquiries are conflicting in the extreme. Most ob- 
servers have been disappointed in their efforts to prevent losses of nitro- 
gen, after severe injuries and operations, by dietaiy measures.^®* 
Some have claimed that, if a sufficient excess of protein, or its equivalent 
in the form of protein hydrolysates or amino acids, is given, positive 
nitrogen balances can be achieved.^^* ^®* When honest men dis- 
agree, the causes of their differences are likely to be found in the condi- 
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tions of their experiments, rather than in the accuracy of their data. 
It may be well, therefore, to examine in some detail what is known of 
the nature of the ‘^toxic destruction of protein.’’ 

It was first generally believed that this phenomenon was merely an 
expression of accelerated oxidations associated with fever. This has 
been disproved, in a variety of waj^s. Kochcr- showed that a normal 
person, subsisting on a diet containing minimal amounts of protein, but 
high calories, could perform heavy muscular work without any increase 
of urinary nitrogen. On the other hand, it was impossible, by similar 
diets, to minimize the nitrogen excretion of patients with febrile dis- 
eases. DuBois and his associates*”^ were unable to prevent losses 
of nitrogen, in similar conditions, by the administration of diets con- 
taining adequate quantities of protein and calories far in excess of the 
needs of the patients, which were measured by both direct and indirect 
calorimetry. Neither accelerated oxidations nor fever can explain the 
uneconomical expenditure of protein, after fractures,* * and during con- 
valescence from acute infections.^" 

The degree and duration of the destruction of protein seem to vary 
with the severity of the injury or disease. This is evident in the studies 
of Kocher,'* of DuBois end his associates, and others who have 
investigated the problem.*-’ The term, severity, however, is some- 
what undefinable. As yet, it can be measured in no objective terms. 
Grossman et were able to prevent nitrogen losses, without diflSculty, 
after repair of inguinal hernias, but were quite unsuccessful after ap- 
pendectomies. After major fractures, negative nitrogen balances were 
regularly observed, but, after osteotomies, nitrogen cciuilibrium was 
easily established.^"’ In the case of infections, nitrogen losses appear 
to be related to the inherent gravity of the disease, not to its clinical 
manifestations. In the studies of Grossman and associates,*"* negative 
balances persisted in meningococcus meningitis, after the temperature 
had become normal and symptoms and signs of the disease had been 
abolished by drug therapy. In this disease and in scarlet fever, treated 
by sulfonamide dinigs, negative nitrogen balances frequently continued, 
despite high protein diets, until patients w’cre discharged from the hos- 
pital, apparently well. This may explain why these drugs, in spite of 
their dramatic effects upon the overt signs and symptoms of these dis- 
eases, have not proportionately hastened convalescence and rehabil- 
itation. 

‘'Toxic destruction of protein” is a phenomenon characteristic of acute 
injury to previously healthy individuals. It is a self-tcrminative reac- 
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tion. If the pathological proccas continues long enough, the loss of 
nitrogen gradually diminishes, then disappears. Finally, provided that 
an adequate diet is given, a positive nitrogen balance can be established, 
though the disease or injury continues. This is evident in the early 
experiences of Shaffer and Coleman,^ and Coleman and DuBois,'* with 
tyi)iioid fever. In three of their cases, they established positive nitro- 
gen balances during relapses, although they had failed in their efforts 
during the primary phases of the disease. Presumably for similar rea- 
sons, little difficulty is encountered, provided a patient can be made to 
take food, in preventing wastage of protein during tuberculosis-^ and 
other chronic infections.^® Browne and his associates'^ have named 
the period in which protein can be stored, the anabolic phase of injuiy, 
while, to the early period characterized by nitrogen losses, they apply 
the term, catabolic phase. They have found that renewed injury dur- 
ing the anabolic phase may result in little or no waste of protein. The 
duration of the catabolic phase varies, again, with that incommensur- 
able quality, the gravity of the injuiy or infection. 

The incidence and duration of toxic destruction of protein is, there- 
fore, not altogether predictable. It follows that it is extremely difficult 
to control and to interpret studies of the phenomenon. These diffi- 
culties arc well illustrated in the studies of typhoid fever by Shaffer 
and Coleman.^ It is impossible, in most instances, to decide whether 
a change of protein metabolism is referable to dietary regulation or to 
the course of the disease. All claims that the ^^toxic destruction of pro- 
tein” has been mitigated or prevented by dietaiy treatment must be 
analyzed, with full consideration of these conditioning features. Mad- 
den and Clay^'' were able, in some instances, by giving large quantities 
of mixtures of amino acids or hydrolysates of protein, to produce posi- 
tive nitrogen balance's, in dogs with stc'i’ile abscesses induced by injec- 
tions of turpentine. Such lesions are, liowever, of short duration. 
Hirshfeld and his associates,^’* by giving 150 or more gi'ams of protein 
and over 4000 caloiies, daily, to certain burned patients, succeeded in 
establishing i)ositive nitrogen balances, almost from the outset of their 
treatment. In other patients, similar diets were not effective. This 
is true, also, of the series of cases presented by Elman^^ and by 
Brunschwig et al}^ In Elman's series, some of the patients were, obvi- 
ously, chronically ill and wasted. In all cases, administration of ami- 
gen was instituted only after the lapse of 4 to 6 days. This is the 
period in which Brunschwig'*® and others noted the greatest postopera- 
tive wastage. Nevertheless, Elman did not succeed in establishing 
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positive nitrogen balances in all his caseis. The successes of Mulhol- 
land, Co Tui et in sparing protein after gastrectomy may have 
been referable to the poor initial condition of their subjects. These 
operations were performed, chiefly, on patients with chronic wasting 
disease. In many reports, treatment and measurements of nitrogen 
metabolism have not been iastituted until some time alter the initial 
injuiy was subtained. 

Another contusing feature is introduced, when patients are losing 
protein from exudative lesions, e.g., in burns. In this case, the nitrogen 
exchange cannot be measured by analyses of food, urine, and feces, 
alone. Unless the losses of nitrogen in the exudate are also measured, 
the impression is gained that the nitrogen balance is more favorable 
than it actually is. This criticism applies to the studies of burned 
persons, reported by Cope and associates,^® in which positive balances 
were claimed. 

There is some evidence that, when a specific deficiency of serum pro- 
tein or hemoglobin is produced by plasmapheresis, transudation, or 
hemorrhage, direct replacement of thcbe materials, by transfusions of 
plasma or whole blood, may be effective in correcting the specific deficit. 
Hirshfeld et have rightly pointed out that nitrogen retained for 
these purposes must not be credited to general protein metabolism. 
There is evidence that the proteins of blood and serum are not alto- 
gether adequate for general nutritive purposes, because they are de- 
ficient with respect to certain essential amino acids, especially iso- 
leucine. 

To date, no one appears to have succeeded in preventing nitrogen 
losses throughout the acute or catabolic phase of the reaction to in- 
juries of all kinds occurring in previously healthy, well-nourished in- 
dividuals. It still remains an open ciuestion whether such success can 
be achieved by dietetic measures. Certainly, the protein stores of the 
body cannot be preserved in the face of such injuries, unless dietary 
treatment is given far more vigorous attention than it has received in 
the past. If this disorder is an inherent part of the general process of 
repair, efforts to correct it may be misdirected; the old principles ot 
starvation and light diets may have been sound. Hirshfeld, Abbott, 
et did, indeed, find that the early administration of large amounts 
of protein to burned patients provoked nausea, vomiting, diarrhea, and 
untoward symptoms- These were evident only in the initial stages, 
immediately after injury. After the first few days, however, these 
symptoms disappeared, and patients wore able to take large quantities 
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of protein, without deleterioub effects. Since “toxic destruction of pro- 
tein” is a self-terminativc reaction of unpredictable duration, the ad- 
vent of the anabolic phase should be anticipated by the provision of 
generous diets before tlie catabolic phase has ended. There is an 
impression that such diets hasten the appearance of the anabolic phase, 
and thej-e can be little doubt that, after this phase has begun, they 
accelerate restoration of the depleted supply of protein in the body. 

Certain other featui'es of ‘Hoxic destruction of protein” and its re- 
sponse to treatment deserve mention. The very inception of this reac- 
tion in human subjects usually escapes observation. For this part of 
the story, wc are dependent upon animal experiments or a study of the 
effects of operation. Cuthbertson,*^ who first approached the surgical 
aspects of the problem, found that nitrogen excretion, immediately after 
operation, was not great. Only after the lapse of 3 or 4 days did it 
become considerable. This was confirmed by Grossman et aV^ How- 
ard^ has made somewhat similar observations, after fractures. This 
initial economy may bo more apparent than real. It may arise only 
from the fact that patients take little or no nourishment, immediately 
after operation. The administration of amigen, in amounts equivalent 
to 75 gm. of protein per day, on the first two postoperative days, by 
Grossman,^^ did not significantly diminish negative nitrogen balances. 
The extra nitrogen from the amigen solution was, apparently, wasted 
in the urine. Reports of the amounts of nitrogen wasted in subsequent 
days vary greatly. For this variability, again, the great differences 
in dietaiy management may be largely responsible. Although Shaffer 
and Coleman^ were not successful, in most instances, in preventing 
losses of nitrogen, during the early stages of typhoid fever, they did 
show, in several instances, that the degree of wastage could be influ- 
enced by the caloric values of the diets given. Nitrogen losses rose 
distinctly wlien the diets contained less than 2000 calorics daily, and 
diminished vhen they contained 3500 calories, or more. This does 
not mean that these losses were proportional to the calories taken; but 
only that, when the caloric intake fell below the daily energy demands, 
extra protein was expended. In only one case, in which attempts at 
feeding w'ere ineffectual, were the negative balances extremely large. 
In the others, they were seldom as gi'cat as 12 gm. daily, even at ‘the 
height of the fever. Bmnschwig et have also emphasized the need 
for calories. The losses in Kocher^s- patients, who were given high 
calory diets with minimal protein, seem large; but they must be com- 
pared with the nitrogen excreted by healthy persons, on similar diets. 
On this basis, the urinary nitrogen that can rightly be attributed to the 
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effects of the infections are not extremely large and might have been 
further reduced, if it had been feasible for the patients to take as large 
diets as the normal subjects took. 

This is a point of some importance. The impression has frequently 
been given that the injured animal has a malicious tendency to destroy 
protein. Actually, it seems rather to be under compulsion to waste a 
certain amount of its own tissue protein. Over and above this, in the 
utilization of protein, it follows the same principles as the normal 
animal. It will waste more protein, if it is not provided with suflScient 
calories in another form. It has no capacity to store large amounts of 
protein. 

Whether, by the administration of unusually large quantities of pro- 
tein, as well as calories, this waste of native protein can be prevented 
or not, is still an open question. There is no clear evidence, in the 
cases of Shaffer and Coleman,^ that variation of dietaiy protein has an 
important effect. However, their ability to test this phase of the sub- 
ject was limited by tradition and by the appetites of their patients. 
With the aid of protein hydrolysates and the elimination of fears that 
large quantities of protein are harmful, it has been possible to test the 
effects of almost unlimited amounts of protein. It would be sur- 
prising, indeed, if this had no effect on nitrogen balances. It is clearly 
established that its effect is relatively trivial, that protein is used 
extravagantly in the acute phases of injury. 

‘Toxic destruction of protein^' has been ascribed, as its name implies, 
t() autolysis of tissue, either at the site of injury or throughout the 
body. It is observed, however, in certain cases in which there is no 
good evidence of such destruction. There is no evidence that tissue 
destruction was proceeding at a rapid pace in the patients convalescing 
from meningitis and scarlet fever, which were mentioned above.^“’ 
After fractures, nitrogen wastage continues after reparative processes 
arc well advanced.'’ Furthermore, tliere is no reason to assume that 
products of autolysis occuiTing within the body should be less suitable, 
for synthetic processes, than products of digestion or autolysis con- 
ducted in the gastrointestinal tract or the test tube. 

The nitrogen balance depends, not only upon the quantity, but also 
upon the quality of the protein in the diet. It has been demonstrated, 
especially by Rose,-^ that, of the total number of known amino acids, 
10 cannot be synthesized by animals, but must be supplied in the food, 
in proper quantities and proportions. If supplied such a mixture, ani- 
mals will survive and gi'ow, with no other source of protein.^'*' Such 
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mixtures of amino acids arc utilized as efficiently, when given by vein, 
as they are when given by mouth. Digests or hydrolysates of eflicient 
proteins have been devised which, when given orally or intravenously, 
will also support life. If a pi*otein or hydrolysate contains insufficient 
amounts of one or more essential amino acids, it will not support life 
and growth. If given to an animal, in lieu of an efficient protein, such 
an incomplete hydrolysate is not retained; the nitrogen balance of the 
animal becomes negative. The body can not utilize incomplete pro- 
teins. These essential amino acids are required, not only for the for- 
mation of protein, but also for the formation of other nitrogenous 
compounds. It is conceivable that, under certain conditions, a specific 
need might be created for extra quantities of a particular amino acid 
to provide extra amounts of some one of these compounds. 

It has been suggested that such a state is produced by acute injury or 
disease. Indeed, Croft and Peters,-^ by administering methionine to 
rats, diminished the nitrogen losses after thermal burns. If, however, 
“toxic destruction of protein’^ is referable to the need for an excess of 
some particular amino acid, it should respond more adequately to the 
administration of large quantities of protein containing this acid. Little 
evidence that protein metabolism is being diverted into unusual 
channels is found in the urinary nitrogen partition. The usual propor- 
tion of nitrogen is excreted as urea + ammonia, and extra dietary 
nitrogen appears in the urine almost entirely in these forms. This is 
e\’ident from figure 1, in which the urinar}" nitrogen, other than urea + 
ammonia, from two patients, is plotted against total nitrogen metab- 
olism and against nitrogen balances. No significant correlation can 
be found in either figure. In the data of Shaffer and Coleman,^ and 
of Kocher,- nonurca + ammonia nitrogen is somewhat higher, in the 
earlier stages of infection, than it is later. It does not, however, in the 
longer studies of Shaffer and Coleman, bear any consistent relation to 
either nitrogen metabolism or nitrogen balances. The excretion of 
creatinine and uric acid, in these same studies, is distinctly greater than 
normal, in the early stages of infections, but this, again, cannot be 
correlated with nitrogen metabolism or nitrogen balances. The inci- 
dence of creatinuria, in the same experiments, is somewhat in-egular. 
In our own studies, urinary creatinine and creatine-^ are quite as un- 
related to the “toxic destruction of protein” per se. Evidently, what- 
ever may be the disturbances of the intermediary metabolism of protein, 
the major proportion of its products is excreted in the most highly 
oxidized forms. 
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Among the demonsti-able results of insufficient dietary protein, re- 
duction of the concentration of albumin in tiie senim is generally recog- 
nized.*"’ So clearly has the relation of serum albumin to the pro- 
tein supplies in the body been established, that hypoalljuminemia has 
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Figure 1 The lelation of non-uiea + ammonia N ot mine to. la) total nitioKoii of mine, (b) 
nitiogen balance. Ciicles itpiebent one subiect, ciosses another. 

been generally accepted as a diagnostic sign of protein deficiency. 
During the catabolic phase of the reaction to injury, serum albumin is 
usually distinctly reduced. This deficiency has, generally and quite 
naturally, been attributed to malnutrition. In this case, serum albumin 
should decline further, as nitrogen wastage progressed. From certain 
casual observations in figure 2, however, no such relation is evident. 
Albumin sometimes rises appreciably, in the face of large negative nitro- 
gen balances, in some instances greater than 100 gm., which corre- 
sponds to the protein, in from 2.5 to 3.0 kgm. of muscle. It cannot 
be inferred, from these data, that loss of tissue protein does not cause 
serum albumin to decline. This has been incontrovertibly established. 
The only possible conclusion is that the initial reduction of serum al- 
bumin is, in this case, referable to some other factor. This view is 
supported by the fact that serum albumin was usually subnormal, at 
the time of the initial examinations. 
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Unless our concepts of the intermediary metabolism of protein are 
erroneous, both the products passing to the tissues for synthesis and 
those in process of transportation from the tissues to the liver and 
kidneys, for conversion to the cxcretoiy products, urea and ammonia, 



Figubb 2. Compaiison bet\^een niliogen balances and changes of serum albumin Blood foi 
measurement of seium albumin -was taken, m the postabsoiptne state, at the beginning and end 
of each studv, and occasionally at mtenoning times The \eitKal line lepiesents, theietore, m mo>'t 
instances, the begmning of a studv. 

are included in measurements of the concentration of amino acid nitro- 
gen in the blood plasma. It was, therefore, anticipated that this frac- 
tion of the nonprotein nitrogen might be elevated during the catabolic 
phase of the injury reaction. When Man^® analyzed the plasma of 
patients in this condition, however, she found that the amino acid 
nitrogen was seldom high and often distinctly low, even in the face 
of high dietary protein and large negative nitrogen balances. This is 
illustrated in figure 3, in which plasma amino acid nitrogen is plotted 
against total nitrogen metabolism and nitrogen balances. 

All these observations suggest that injury" effects a sudden and pro- 
found transformation of the metabolism, that manifests itself, not only 
in the uneconomical utilization of protein, but also in certain demon- 
strable changes in the chemical composition of the blood. This has 
led us to a more detailed study of the immediate reactions of patients 
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to injury, in the hope that this may throw some light on the nature of 
the subsequent reaction. For this purpose, surgical operations were 
chosen, in order that observations could be made, previous to the in- 
juries. First of all, it was ascertained that urinary nitrogen excretion, 



Niiro^eo balance, per day 

FiuuBB 3. (a) The poslabsoiptive conceatiation of a-ammo acids of plasma, coinpnied Mith 
nitrogen metabolism (nitrogen intake or nitrogen output, whichever was the larger), ami (b) nitio- 
gen balance. In (a), circles = positive, crosses = negate c, balances. 

on the day of operation and the following day, was not large, as C^uth- 
bertson,® Howard,^- and others^® had already noted. This is evident 
from TABLE 1, in which it is also shown that blood nonprotein nitrogen 
does not usually rise. XJrinaiy total nitrogen and creatinine were 
usually somewhat greater, on the second, than on the first day, but still 
moderate. This tendency to increase can be ascribed, in part, to the 
difficulty experienced by many of the patients in emptying their blad- 
ders at the proper time, the first morning after operation. 

It was next discovered that plasma amino acid nitrogen fell sharply, 
immediately after operation. This is illustrated in table 2. The drop 
is roughly' related to the initial concentration of amino acids, which, in 
turn, reflects the antecedent condition of the patients. Amino acid 
nitrogen was highest in patients, previously in good health, who were 
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Table 1 

NiTR()(iKisr Metabolism on the Dat op and the Day following Operation 


Case No. 

Nonprotein 
nitrogen 
mg. per cent 

Urine 
nitrogen 
gm. per day 

Case No. 

Nonprotein 
nitrogen 
mg. per cent 

Day* 

0 1 

Urine 
nitrogen 
gm. per day 

1 Day* 

0 1 

uay 

0 1 

Day 

0 1 

A83628 

1 35 

34 

8.6 

12 6 

B68027 

32 

32 

7.3 

11.2 

A44427 

43 

43 

8.7 

7.8 

A79194 

26 

25 

5.0 

7.3 

B44458 

28 

25 

8 9 

10 8 

B62484 

30 

26 

9.5 

9.1 

B61691 

33 

33 

10.4 

17 9 

B49302 

29 

26 

7.0 

16 8 

B53964 

41 

50 

4.7 

7 8 

B59857 

30 

29 

10 7 

13 5 

B8104 

28 

27 

8 0 

16.3 

61724 

32 

31 

16 8 

18.5 

A44648 

34 

34 

6 0 

9.7 

9093 

36 

38 

5 5 

8.9 

B62115 

26 

46 

4.8 

13.5 

B68658 

31 

25 

5 0 

9.0 

34340 

32 

25 

6.4 

9.4 

B69576 

30 

30 

8.1 

10.7 

A11178 

30 

25 

1 3 

8 1 

B5775 

28 

28 

6 6 

10.7 

90248 

25 

30 

5 8 

13 5 

B68445 

31 

18 

2 7 

7.7 

B69089 

28 

29 


11 9 

34038 

26 

24 

5.2 

9.6 

25165 

31 

31 

4.9 

10 6 

B61943 

34 

22 

5.9 

5.3 

B68338 

29 

22 

5 9 

8 0 

A94807 

34 

37 

5.6 

10 3 

A10607 

31 

29 

9 4 

14 0 

B68886 

22 

25 

5 0 

9 0 


^ 0 = the day of operation, 1 = the day folloTving operation. 


subjected to the gravest operations. The decline was also correlated 
with the severity of the operation. Amino acid nitrogen fell furthest, 
therefore, in patients previously in good health, wlio were subjected to 


Table 2 

The Effect of Operation on Plasma Amino Acid Nitrogen 


C^ase No. 


Plasma amino acid 
nitrogen, mg, per cent 


(Vse No. 


Plasma amino acid 
nitrogen, mg. per cent 


Postoperative day'^ Postoperative day* 

0 1 (ffi 0 1 (ff) 


A83628 

4.95 

3 45 

4,17 

(6) 

A44427 

4.85 

3 54 

4 17 

(6) 

B4445S 

4.54 

4.48 

4 36 

(2) 

B61691 

4 53 

4.13 

4 32 (13) 

B53965 

4 44 

3.97 

3 57 

(4) 

B8104 

4.44 

3.24 

4 81 

(7) 

A44648 

4.39 

3.81 

3 98 

(4) 

B62115 

4.34 

4.09 

2 93 

(2J 

34340 

4.30 

2.71 

4.08 

(7) 

A11178 

4.24 

3.20 

3,75 

(7) 

90248 

4.24 

3.74 

4.57 

(2) 

B69089 

4.17 

3.14 

3 99 

(9) 

25165 

4.16 

3.64 

4.22 

(8) 

B68338 

4.16 

3.00 

2 58 

(2) 

A10607 

4.14 

3.57 

3.93 

(3) 


B68027 

3 97 

3 73 

4 12 

(2) 

A79194 

3 96 

3 42 

3 51 

(7) 

B62484 

3 94 

3.31 

3 87 

(2; 

B49302 

3.90 

3 27 

3 33 

(2) 

B59857 

3.85 

3.03 

3 16 

(2) 

61724 

3.84 

2.94 

4.61 

(5) 

9093 

3.73 

3.41 



B68658 

3.72 

3.54 

3 74 

(8) 

B69576 

3.70 

3.38 



B5775 

3 60 

2.93 

3.31 

(llJ 

B68445 

3.51 

2.73 

4.23 

(4) 

34038 

3.27 

3.56 

4.41 

(2) 

B61943 

3.19 

2.85 

3.74 

( 9 ) 

A94807 

2.75 

3.04 

2.93 

(5) 

B68886 ! 

2.51 

2.75 

2.49 

(2) 


0 =■ flic day ol oi»oiatioii, 1 3=7 the duv following opeiution. Figui^ under (fl) repiesent sub- 
faotiuciit deleinimatioru}, at mteivuls aiter opciation uidicated by the tiguieb in purenthebCb. 
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the gravest operations. The duration of the amino acid deficiency de- 
pended upon the gravity of the operation and the postoperative course. 
Restoration was delayed longest in those patients who had the most 
serious operations or postoperative (‘oin])lications. 

In another series of cases, it has been demonstrated that serum albu- 
min behaves in a similar manner, declining precipitately, in the first 
48 hours following operation. Table 3 includes only the first 4 cases 


Table 3 

The Effect of Oper.\tion on Serum Albumin 



1 Serum albumin per cent 

Case No. 1 

0 

Postoperative day* 

1 2 

(ff) 


B50516 

B72371 

B58730 

B5775 

5 10 

3 79 

4 50 

' 2 95 

4.03 3 72 

3-53 2 16 

4 62 2 65 

2 55 2 55 

3 24 

3 31 

(7) 

(8) 

0 ~ the (lay of opeiation, 1 and 2 = 
jepiesont “-ub&winent determinations, at 
paientlie-'e*. 

the flrsit 2 dajs lolloping opeintion. 
intenals altei opoiatinn mdieatocl 

Figures undci (tt) 
by the figuies m 


of the series studied. The fall of serum albumin, in a larger series, is 
not as striking as is the fall of amino acids, because serum proteins are 
affected by disturbances of hydration, and because transfusions of 
whole blood or plasma are so often given in the postoperative period. 
This phenomenon had been reported earlier by Cuthbertson and Tomp- 
sett.-^° Such precipitate and sustained falls can not be referable to 
losses of blood or exudate during operation. It has been experimen- 
tally demonstrated that deficits of protein, resulting from far larger 
losses of blood than those sustained in most of these operations, can be 
replaced from the body reserves, in a short time. These ai’c not reac- 
tions of surgical shock. They cannot be attributed merely to hemo- 
dilution, since globulin w^as only irregularly and temporarily involved. 

More recently, Dr. Evelyn Man has shown that the serum lipids fall 
after operation. In this drop, all fractions of the lipids participate, 
vdthout any significant disturbance of their relations to one another. 

The explanation of these phenomena can be only conjectured, from 
such scattered observations. It is logical to regard them as the first 
evidences of the injuiy reaction, which later evidences itself in the 
‘‘toxic destruction of protein.’^ Although the experiments of Croft and 
Peters^"* can not be lightly dismissed, lack of a specific amino acid or 
other essential dietary constituent does not usually become apparent 
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so i)m‘ipitate]y. ]\Ioroovci', it should be not loss, but more, evident 
in the chronically ill and wasted person, than in a previously healthy 
subject. The reaction appears to be characterized by impairment of 
the synthesis of protein, including serum albumin, and a tendency to 
route products of protein metabolism preferentially to urea and am- 
monia to be excreted in the urine. The sclf-terminative nature of the 
reaction has led to a revival of the old concept that the protein of the 
body can be divided into two categories, of which one is less essential 
and less solicitously protected than the other. It is, however, unneces- 
sary to revive this hypothesis.- It is a general characteristic of bio- 
logical organisms to exert increasing resistance to forces that tend to 
distort their composition or their activities. Besides, the changes in 
the composition of the scrum are not the results of protein losses; they 
precede these losses. 


miESTIWt 


Jrotein 

I 

.Amino acid 8 


LIVER 


Tiggros 


Amino acids 


i 

Urea 


_ i^lno acids 

jr 

Trotein 


Urine 

urea 


Figlrd t. 


In FitiURE 4, there is an oversimplified diagram of the course of protein 
metabolism. Protein is digested in the intestine to its component amino 
acids, which, after absorption, arc carried to the liver and other tissues. 
In the liver, the amino acids may be broken down at once to urea and, 
as such, excreted, or they may be converted to other products, including 
new proteins. In the other tissues, they may enter new proteins or un- 
dergo transformation, while other amino acids, displaced from the tis- 
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sues, are returned to the liver. The special vehicles that constitute urea 
precursors are not separately indicated in the diagram, because they 
are measured with the amino acids by usual analytical procedures. In 
the phenomenon which we have been discussing, the path to synthesis 
in the tissues seems to be obstructed. The system appears to be short- 
circuited, in such a way that both dietary amino acids and amino acids 
derived from the tissues are shunted into the urine as urea. It is im- 
possible to decide whether the primaiy derangement lies in acceleration 
of the destructive, or impairment of the synthetic, process. If the 
primary defect is accelerated metabolism, its origin should be sought 
in some disorder of hepatic function. The beneficial effects of meth- 
ionine, then, might lie in its lipotropic action, or some associated 
property. 

Since protein is an essential constituent of tissues which cannot be 
replaced by other foodstuffs, its loss is presumably deleterious and 
should be prevented. Obviously, this can be done effectively only by 
discovering and rectifying the disorder of metabolism responsible for 
the toxic destruction of protein. If, or as long as, it is impossible or im- 
practicable to prevent or mitigate losses of protein after acute insults, a 
certain amount of wasting, with attendant delay of convalescence and 
rehabilitation, will have to be accepted as an inevitable consequence of 
such insults. This should, at least, be reduced to a minimum. In chronic 
debilitating conditions, synthetic powers of the body appear to be in- 
tact. The same is tine, in acute pathologic states, after the catabolic 
phase is ended. Since the catabolic phase is self-terminative and of 
unpredictable duration, the advent of the anabolic phase should be 
anticipated by the administration of generous diets, ))cfore the cata- 
bolic phase has ended. The only contraindication to sucli a course 
would be the proof that such diets, during the catabolic phase, arc posi- 
tively injurious. This has not been established. An exception may 
have to be made of the few days immediately following a profound 
insult, such as a severe burn. These diets should contain, not only 
adequate amounts of protein, but also high calories. 

The use of protein hydrolysates as substitutes for, or supplements to, 
diets has become the vogue. Although nitrogen equilibrium can be 
maintained, and the protein requirements of normal animals and hu- 
man subjects can be satisfied, by injections of suitable hydrolysates, 
there is no e\ddence that such injections are superior to normal methods 
of eating. If hydrolysates are not injected at an extremely slow rate, 
they provoke vomiting. Whilo they are being injected, patients will 



PETERS: NITROGEN METABOLISM IN DISEASE 


341 


seldom eat. If, therefore, they are used as dietary supplements, they 
must be given after the evening meal. This deprives the patient of 
much needed sleep. I would not belittle the value of these hydroly- 
sates; but, in our experience, they are indicated only when there are 
positive contraindications to oral feeding, or when it is impossible to 
persuade a patient to take adequate amounts of nourishment by the 
normal route. For intravenous administration, mixtures of pure amino 
acids would have distinct advantages over less refined products, because 
they can be injected in high concentration, with great rapidity, and 
without provoking untoward reactions.^^ It is quite possible, also, that 
it will prove advantageous to vary the composition of such mixtures, 
to meet particular nutritive requirements. However, amino acid prep- 
arations suitable for such purposes are not, as yet, commercially 
available. 

Intravenous amino acid mixtures or protein hydrolysates, as a sole 
source of nutrition after injury, are unsatisfactoiy from another point 
of view. There can be little doubt, from the experiments of Shaffer and 
Coleman^ and others, that high calories, in the form of carbohydrate 
and fat, spare protein in this condition. Such calories can be given 
intravenously only in the form of glucose solution. The quantity of 
glucose that can be injected, in this manner, is distinctly limited. 

It has been recommended that protein hydrolysates be administered 
by gavage. Tube feeding should be practised with caution, in patients 
who may vomit or who are unconscious, because of the danger of aspira- 
tion pneumonia. If it is practised, there is no reason to use protein 
hydrolysates. Milk fortified with milk powder is well tolerated, and 
cheaper in proportion to its food value. The necessary vitamins and 
other accessories may be added to the milk mixture. 

Proper choice of foods and efficient nursing care are the chief essen- 
tials for success in feeding. In our experience, a resourceful team of 
nurses was able, by meticulous attention to details, to increase greatly 
the dietaiy intake of patients. If a sick or injured person will take 
fluids freely and has no gastrointestinal disorder, it is seldom impossible 
to introduce the necessary quantities of nourishment, by substituting 
highly nutrient for non-nutrient fluids. The ubiquitous pitcher of 
water may act as a deterrent to feeding. Milk, reinforced by milk 
powder and some sugar, slightly flavored with vanilla, coffee, or choco- 
late, is an excellent food. If a patient will not take fluids freely, the 
judicious administration of salt may provoke sufficient thirst to stim- 
ulate him to take, not only the desired amount of fluid, but also the 
proper amount of nourishment in these fluids. 
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Flavor and sca.^oning, Chpccially salt, are conducive to both appetite 
and thirst. The impression that only unseasoned bland foods are suit- 
able for sick pcu})le is inherited from the era when all food was consid- 
ered harmful. Patients may be too weak and tired to contend with 
formal meals, though they would cat if the food were served in a less 
formidable manner, or if they were fed. Divided meals or supplemen- 
tary feedings are useful, if intelligentlj" planned. However, feedings are 
often so ineptly scheduled that the supplements only detract from the 
appetite for the next meal. Feedings just before retiring are custom- 
arily small; they can be enlarged to advantage. The fervor for more 
adequate feeding of patients must advance further than the order book. 
A patient does not profit from the diet ordered, but from the food he 
oats; the two become identical only when care is taken to translate the 
order into appropriate practical terms. Intravenous treatments must 
not be used as a means of evading this responsibility. 
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DISCUSSION OF THE PAPER 

Dr. Sidney C. Werner (Department of Medicine, College of Phy^iciam and Sur- 
geons, Columbia Univasity, and Presbyterian Hospital, New York, N. I'.):* 

Dr. Pctoi-b has piwmlod a veiy careful and well-informed discusbion of the 
changes in nitrogen balance which follow trauma. He has outlined the catabolic 
and anti-anabolic theories, to explain the difficulty in establishing nitrogen bal- 
ance which exists after injury, and shown the piobloms of analj'sis which exist. 

The expeiience in our lalioratoiy has boon somewhat different from that of the 
N(‘w Haven grouj). During the past year and a half, a nitrogen balance study has 
been conducted on cas<»s of peptic ulcer, subjecte<l to partial gastrectomy, and on 
a miscellany of oases undergoing various siugical procedures. One caw of severe 
fiacture of the thigh treated in plaster was also obseivod. The operative patients 
were all given a mixture of pure ammo acids, to pro\ide 12 to 28 gins, of nitrogen 
per da 3 '’, for the first three to five da.ys after the procedure. This was supple- 
mented by 75-100 guis. of glucose in saline. A diet was then given. The frac- 
ture' patient received a casein hydrolysate and high protein milk, for the first three 
weeks after the trauma, up to 50 gnih. of nitrogen intake per day. 

There were twentj'-one ga.'^tric cases treated hy the above regimen, and six con- 
trol cases treated identically, except that no amino acids were administered, and 

* Tho wt)ik described in this paper wab done under a coutrad. recommended by the Committee 
oil Medical Ileseaich, be(^\oen the Ofliee ot {Scientific Jte^eaicli and De\elopment, and Columbia 
CJnn ciiiit.v. 
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tlif u&ual po&toptTati^ f‘ dm 'Ra^ iiibiituied after several days. Nine patients 
with other conditions were followed, and the control figures for nitrogen loss were 
obtained from the literature. Nitrogen loss was appreciably reduced in botlr 
groups. In the gastric group, 17 of the 21 treated cases lost less nitrogen, post- 
operatively, in the first five days, than any of the controls, and actual nitrogen 
balance was produced, in four gastrectomy patients, the fracture case, a case of 
appendectomy, and one of hernia repair. This^ is strong evidence against any 
anti-anabolic effect of injury’. Another strong piece of evidence against this hy- 
pothesis is the continued high rate of excretion of nitrogen from tissue stores, w^hen 
a high nitrogen intake is suddenly stopped. This ^ould not occur, if the nitrogen 
wastage after trauma is purely anti-anabolic in origin. 

There are objections to the catabolic theory, as well, first brought out by the 
early workers mentioned by Dr. Peters. Thus,^ a different interpretation from 
either has been necessary- to explain the data obtained from these experiments, and 
this is being presented, elsewhere. In brief, it is thought that the mechanisms for 
anabolism and catabolism are not altered from the normal, except that both act at 
a higher rate of exchange. Thus, nitrogen equilibrium is attained only at a higher 
level of nitrogen intake than before the trauma. The height of this equilibrium 
point depends on the severity of the injuIy^ 

It should be mentioned tliat preceding weight loss is no sure index as to whether 
the body will react to trauma, or not, by increased nitrogen exchange. In the 
gastric cases mentioned here, the cases showing the most marked negative and 
positive balance showed somewhat similar weight losses before operation, vaiying 
from none to thirty pounds. 

In conclusion, Dr. Peters’ paper provides much food for thought and is an ex- 
cellent e.xample of the critical approach to the literature and data of the problem 
of nitrogen metabolism after injury. His conclusion, that every effort be made to 
prevent nitrogen wastage, is becoming the basis of present-day surgical therapy. 



THE INTRAVENOUS USE OF PROTEIN AND 
PROTEIN HYDROLYSATES 

By Robert Elmax 

\ya,s]iin{)ton I nivtmly, School oj Medicine, St. Louis, Missoini 

The intravenous route, as a method for the administration of fluids, 
was demonstrated as feasible, in 1658, by no less a person than Sir 
Christopher Wren, architect and astronomer. Within a decade after 
this experiment, transfusion of blood was carried out, from animal to 
animal and from animal to human, and aroused considerable excitement 
in scientific circles, in London as well as on the Continent. For 
example, it was thought that piety could be injected into an atheist, 
by using the blood of an Ai'chbishop, or that an incompatible husband 
and wife could be made happy, by the transfusion of each other’s blood. 
These um’easonable hopes, however, were not responsible for the failure 
of the method; the deleterious and even fatal reactions which followed 
finally led to its being outlawed. Even in 1818, when BlundelF first 
saved the lives of many women dying of postpartum hemorrhage, with 
transfusions of human blood, the method was still inapplicable, because 
of occasional untow^ard and fatal reactions, w^hich we now know" were 
due to the incompatibility of some of the four blood groups. But, even 
after these W’cre discovered, in 1901, by Landsteiner,^^ transfusions did 
not achieve general use for three decades, partly because untow^ard 
reactions w^erc still encountered. Untoward reactions w"ere also re- 
sponsible for the failure in the general use of intravenous injections of 
saline, w’hich WTre first employed in 1831, and intravenous injections of 
glucose, which wTre first recommended, in the human, in 1896. Not 
until 1923, was the cause discovered for one of the most frequent of the 
harmful efl^ects, £.e., pyrogenic reactions. It was a woman scientist, 
Florence Seibert,^^ w^ho demonstrated that a specific bacterium grew 
in distilled w’ater and produced a stable substance w'hich, on entering 
the circulation, could produce severe rigors and fever. It is interesting 
that Dr. Co Tui, whose paper follows mine, contributed much to this 
problem, and was greatly responsible for the fact that, at present, 
pyrogen-free water is universally available. It is no coincidence that 
the development of pyrogen-free water was followed by a tremendous 
increase in the use of the intravenous method for all sorts of solutions, 
including blood and plasma. 


( 345 ) 



AXXALS YORK ACADEMY OF 


The intravenous route, as u method of administering various solu- 
tions, has developed very rapidly, in the past two decades. At the 
present time, the administration of amino acid mixtures, as protein 
hydrolysates, has been extensive, and many thousands of patients have 
undoubtedly received this form of therapy. Pure amino acid mixtures 
have also been used, but, thus far, the high cost has precluded them 
general use. The presence of unnatural forms of some of the amino 
acids has also been cited as a disadvantage in the use of such mixtures. 
Hydrolysates may be prepared in a variety of ways. Two such prep- 
arations are now available for general use. In the following paper, 
an enzymic hydrolysate* will be discussed, on the basis of an extensive 
clinical experience with this preparation. Before describing the bene- 
ficial clinical effects, the possible deleterious results will be discussed. 

DELETERIOUS EFFECTS 

As already mentioned, the clinical use of the intravenous route for 
the introduction of various solutions was long delayed, because of the 
untoward reactions following such injections. One of the commonest 
is the so-callcd pyrogenic reaction. It was really not until the last 
decade that pyrogen-free distilled water became universally available, 
and the importance of using pyrogen-free material and apparatus 
appreciated. If these dangers are eliminated, injurious effects which 
may follow intravenous injections are obviously due to the dissolved 
substance itself. 

The dangers from the injection of protein hydrolysates were recog- 
nized early, and were so gi*eat that this method of treatment seemed 
doomed to failure. The first experiments^ were carried out in 1889. 
Most of these harmful efiects were described as peptone shock, be- 
cause it was assumed that the peptones present in the hydrolysates were 
responsible. It is not clear, however, on the basis of present knowledge, 
whether they were due to the presence of peptones themselves, or to 
other materials, formed dming the manufacture of these early prepara- 
tions. In any case, by 1913, the successful intravenous use of a pro- 
tein hydrolysate, in animals, was reported." The elimination of dele- 
terious effects was obviously due to better methods of prei)aration. 
At the present time, protein hydrolysates have been so extensively used 
in humans that considerable knowledge of the untoward effects, follow- 
ing intravenous injection, has been obtained. They will be discussed 
under the following subheadings: 


Aimgen ii.uuiilactuifd h\ Juliiwtii CumiMU}, E\au^Mlle, Tudiiuuu 
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Amino Acids and Peptides 

Tliat amino acida, themselves, may ho responsible for untoward reac- 
tions, was the assumption of Sliolil and Blackfan,^^ who first injected 
a mixture of pure amino acids in the human. They found that pyro- 
genic reactions wxu’c just as likely to occur, with a protein hydrolysate, 
as with a mixture of crystalline amino acids of similar composition. 
However, these observers offered no data to show* that i)yrogens w’ere 
not present in the distilled water used in making up the solutions. 
While it does not seem physiologically sound to incriminate amino acids 
and peptides, which are normally absorbed from the gastrointestinal 
tract dming digestion, it was thought possible that the sudden entrance 
of relatively large amounts of these into the systemic circulation could 
provoke reactions, due, perhaps, to a suddenly increased dynamic ac- 
tion. At any rate, this idea has been subjected to considerable further 
study, by injecting various mixtures of pure amino acids into animals 
and in humans. In these studies, however, nausea and vomiting, rather 
than pyrogenic reactions, were observed. Nausea and vomiting are a 
reaction which seems peculiar to amino acids, inasmuch as solutions 
containing them in i)urc crystalline form, when injected at too rapid 
a rate, are capable of provoking such an effect. 

Most of the animal studies on reactions following the intravenous 
injection of crystalline mixtures of essential amino acids have been 
made in the dog, by Madden and his (‘o-workers,’-' wdio found, how- 
ever, that the best results were obtained when non-essential glycine was 
added, which imiu’oved the tolerance of the solution. On the other 
hand, two other non-essential amino acids were found to produce nau- 
sea and vomiting; these were glutamic acid and aspartic acid. A con- 
trasting experience, with solutions of crystalline amino acids, was re- 
ported by Cox and Mueller,’ wdio inferred from their observations that 
nausea and vomiting, in dogs, were much more likely due to the un- 
natural forms than to any particular amino acid. 

In the human, the reported observations have been few. Those of 
Shohl and Blackfan^'* have already been mentioned. In another study 
in a surgical patient, a mixture of crystalline amino acids was given in- 
travenously, for 30 clays, without untoward effect, even when the rate 
of injection was rapid. The present author* has observed definite 
differences between the dog and the human, with the following mixture 
of pure crystalline amino acids:* 

The mixture was made up, 75 grams per liter, / .e., 7^ *> per cent, which 

*Kmfllv sujipInKl 1>\ Mouk :m<l C*<»iin»{in\ , Ihmnuk llii* <MHjito.s\ ot Dj. J). F. Robcitson, from 
a foimula (Vu) uiado up hy Di. S. C. .Miicldrii. 
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Table 1 




Grams 

dl 

Threonine 

7 

dl 

Valine 

11 

dl 

Leucine 

18 

dl 

Isoleucine 

12 

1 

Lysine HCL 

12 

1 

Tryptophane 

4 

dl 

Phenylalanine 

12 

dl 

Methionine 

6 

1 

Histidine 

4 

1 

Arginine 

7 


Glycine 

7 

Total 


100 


contained 18 grams per cent of nitrogen. Glucose, 5 per cent, was 
added, before administration. When injected in dogs, considerable 
nausea and vomiting followed the injection of this mixture, as com- 
pared, for example, with a solution of hydrolyzed protein (Amigen) . 
In humans, the results were just the reverse, ie,, the pure amino acids 
were tolerated better, as shown by the fact that the solution could be 
injected far more rapidly without provoking nausea and vomiting, as 
compared with a solution of hydrolyzed protein (Amigen) . Moreover, 
in three trials with a solution of pure glutamic acid alone (one liter 
contained 30 grams), no reaction wras observed, following rapid intra- 
venous injection, in convalescent patients. 

Observations on the urine were made, in two surgical patients with 
esophageal obstruction due to carcinoma, following the intravenous 
injection of the above-mentioned amino acid mixtm’e. Nitrogen bal- 
ance was not greatly different from that obtained wdth the same amount 
of nitrogen as hydrolyzed protein. But the excretion of amino acids 
was quite different, as shown in tables 2 and 3. Roughly 20 per cent 


Table 2 

Carcinoma of the Esophagus 


Day 

1 

2 

3 

4 

0 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 


21 

N in- 
take 

None 


None 

• 

Amigen 

None 

. i 

Amino 

N,%of 

unne 

N 

1 

3.5 

1 

2.2 

1 

2.8 

7.6 

11 

1 

8.3 

18 

16 

18 

1 

17 

] 

i 

8.1 

2 5 

2.6 

1 

2.5 

4.2 

4 9 

4.4 

4.9 

2.5 

2.8 
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Table 3 

Carcinoma of the Esophagus 


Day 

Nitrogen intake 

Urinary N 

% NH* & urea 

% Amino N 

1 

0 

84 

1.6 

2 


— 

1 — 

3 

0 

— 

— 

4 

Vu 

66 

16 

5 

Vu 

— 

— 

6 

Vu 

62 

20 

7 

Vu 

63 

10 

8 

Vu 

64 

22 

9 

Vu 

63 

22 

10 

Vu 

62 

25 

11 

Amigen 

79 

4.5 

12 

Amigen 

81 

2.4 

13 

Amigen 

80 

6.4 

14 

Amigen 

83 

1.6 

15 

Amigen 

79 

2.5 


of the injected nitrogen of crystalline amino acids appeared in the urine 
as amino acids (presumably unnatural forms) , as compared with a few 
per cent, in the case of the hydrolyzed protein. 


Other Substances 

Undoubtedly present in hydrolysates, but not in pure mixtures of 
amino acids, are other substances which may be responsible for some 
of the harmful reactions. This was undoubtedly true of many of 
the earlier preparations of protein hydrolysates, which seemed to pro- 
voke a higher incidence of untoward effects, as compared with present 
preparations, which are, presumably, purer. A specific study was 
made by Hopps and Campbell,® who showed, by in vitro tests with 
guinea pig muscle, that enzymic, as well as acid, hydrolysates of casein 
contain substances assumed to be either like histamine, peptones, or 
tyramine. Their presence would seem to explain such clinical phe- 
nomena as flushing of the skin, various vasomotor and other signs and 
symptoms, whenever the injection rate is too rapid. Further observa- 
tions are needed, in order to study the effect, and eliminate as much as 
possible of the substances of this nature. 

Products of Bacterial Contamination 

Bacteria and/or the products of bacterial growth may readily be 
responsible for severe pyrogenic and other reactions, which may even be 
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fatal. Such substances may readily form, particularly because solu- 
tions of hydrolyzed protein are excellent culture mediums. It is prob- 
able that contamination may result in such rapid bacterial growth, with- 
in a relatively few hours after the sterile solution is opened to the 
air, that reactions may occur. Suppose that a few bacteria gain en- 
trance and begin to multiply immediately. Eventually, of course, the 
solution becomes turbid, and the evidences of contamination are readily 
apparent upon inspection. There is, however, a period before the 
solution becomes turbid, in which bacterial gi-owiih has been consider- 
able. The injection of such a clear solution is, obviously, fraught with 
danger; yet, it may readily be avoided by the simple precaution of in- 
jecting the clear solution, as soon as the sealed container is opened. 
One liter of such a solution can be given to an average sized adult 
within two or three hours. It is unlikclj’* that sufficient bacterial 
gi’owth could take place, within this period, to produce dangerous 
reaction. On the other hand, if such a flask is opened and 6 to 8 or 
more hours allowed to elapse before the injection is started, such growth 
could occur. It may be that a few untoward and, perhaps, fatal reac- 
tions may have been caused by such a circumstance. The obvious 
lesson is the avoidance of contamination by: (a) the use of closed sys- 
tems, similar to those recommended for all intravenous injections; (b) 
starting the injection immediately after the container is opened, and 
completing it vdthin a period of 3 or 4 hours at the most. 

Allergens 

Solutions of hydrolyzed protein may contain substances to which a 
particular patient is sensitive. This, undoubtedly, occurs, even though 
complete and thorough tests show that no anaphylactic substances are 
present in the product. Allergens comprise a variety of things and are 
the obvious cause of urticaria, following an intravenous injection. 
Other manifestations of allergj^ arc severe itching of the skin, patchy 
edema often called angioneurotic edema, and skin rashes. Each of 
these has been observed occasionally. The author once saw a pro- 
nounced edema of the mesentery, at operation, in a patient who, within 
the pre\dous 24 hours, had received an injection of hydrolyzed protein 
without apparent reaction at the time. Serious allergic reactions of 
this soii; have been rare, although it is possible that a fatal result may 
occur. The incidence is not known, but must, naturally, be compared 
with the fatal reactions which have been observed following blood and 
plasma transfusions, which, even in recent years, have been reported 
as occurring about once in every one to three thousand transfusions. 



ELMAN: INTRAYENOVS USE OF PROTEIN HYDROLYSATES 351 
Chemical Incidence of Reactions 

Actual experiences with the rate of reactions, following the intra- 
venous injection of solutions of hydrolyzed protein, have been published, 
but most other reports deal with single reactions or the analysis of a 
relatively small number of cases. The author"’ has carefully studied 
each consecutive injection, dui'ing a period of 9 months, the results of 


which are presented in table 4. 


Tvblb 4 


Total number of patients receiving Amigen 

Average injection per patient (each 1 liter) 

Largest number of injections in one patient 

Total number of injectioius (etuili 1 liter) 

Total number of untoward reactions 

352 

8 

53 

2,729 

22 (0.8%) 

Nature of Reactions 

IVrogenic (chill, with or without fever, or fever without chill) 
Allergic (itching, urticaria, rash, edema) 

Miscellaneous 

11 (50%) 

7 (31%) 

4 (19%) 


The four miscellaneous reactions were described as disturbing, subjec- 
tive sensations, such as tingling and suffocating,^ vomiting,^ faintness 
and perspiration,^ headache and dizziness,^ all of which seemed severe 
enough to discontinue the injection. Of the other 18 reactions, 12 were 
observed in patients who rccei\'ed Amigen, previously and subsequently, 
without incident. Of the total of 22 reactions, in only 10 was tlie in- 
jection a first one and did the reaction constitute a contraindication. 
In many of these, no reactions might have been observed, had the in- 
jection been repeated. In two of these, reactions occurred with subse- 
quent injections of other fluids. There were no deaths attributable 
to the injections. The speed of the injection was somewhat slower than 
that of other intravenous infusions. In general, 2 hours was the aver- 
age duration for one liter. With faster rates, nausea and vomiting were 
encountered occasionally, and this was not recorded as a reaction, un- 
less they persisted and the infusion was discontinued. In all others, the 
symptoms disappeared as the flow was slowed dowm. 

Other Deleterious Effects 

Regarding phlebitis and thrombosis, the influence of hypertonic solu- 
tions is well known. The influence of pH seems to be particularly im- 
portant, with solutions of amino acids, because of their great buffering 
prooerties. Experimental study has shown that phlebitis is more likely, 
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following injections of solutions of amino acids, with an acid reaction.® 
Another possible harmful effect of injecting a solution of amino acids, 
at a low pH, is the fact that they are capable of significantly lowering 
the carbon dioxide-combining power of the blood. For example, solu- 
tions of hydrolyzed protein, at a pH of 5.5, may significantly reduce 
the CO 2 combining power of tlie blood, whereas, when neutralized to a 
pH of 6.5, it has but slight effect on the CO 2 combining power and none 
on the pH of the blood, as shown by actual measurements in two pa- 
tients.^ After the injection, during 8 hours of 3 liters of a 5 per cent 
solution, there was a drop of but 6 and 8 volumes per cent, respectively. 
This is another reason why amino acid solutions should not be given 
at a pH which is very far from the neutral point. 

CLINICAL FINDINGS 

The advisability of using a solution of hydrolyzed protein would, 
obviously, depend upon whether it is of value in the treatment of dis- 
ease, once it has been shown to be safe. If food is of value, whether it 
is injected intravenously or taken by mouth, it would seem that the 
only requirement in using a solution intravenously would be: Is the 
material injected used as a food? However, the assumption that food 
is beneficial, in the treatment of disease, does not have many adherents. 
In other words, starvation during disease is deeply ingrained in the 
tradition of the healing art; not only is it held to be inevitable, but even 
necessary, at least during certain periods in a patient^s illness. Much 
of this belief follows a blind reliance on the patient^s appetite. Most 
physicians apparently feel that if the patient does not want to eat, 
food is bad for him; that, as soon as he is well enough to eat, he will 
start eating. 

Aside from caloric restriction in certain obesity diets, there is no 
evidence that starvation has any beneficial effects. Indeed, the over- 
whelming evidence points to a contrary conclusion. As a result of the 
traditional laissez-faire policy, in the nutritional care of the sick, many 
medical and surgical wards are filled with patients, just as many un- 
happy countries of Europe are filled with people, who are showing 
numerous harmful manifestations of starvation. 

In presenting our clinical data, therefore, I would like to assume that 
starvation is injurious, that food is something which should be con- 
sidered as beneficial, and that the question of introducing intravenous 
protein nourishment, as amino acid mixtures, reduces itself to tli(‘ 
question of whether it is really a food or not. Against this assuinp- 
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tion, must be mentioned the evidence, dei&cribed by Dr. Peters, that 
protein food cannot be assimilated, even when ingested hy mouth, dur- 
ing certain catabolic periods, following injury and infection in a well- 
nom’ished individual. Under such a condition, there would seem to 
be little justification for administering protein, regardless of the chan- 
nel or method used. In contrast to such findings, we have observ^ed 
but little evidence, in our patients, that this was true after serious ab- 
dominal operations. ^Moreover, the data presented by Brunschwig, 
by Lund, by Gardner, and other surgeons all indicate^ that considerable 
retention of nitrogen does occur, dm‘ing the postoperative period. As 
suggested by Dr. Peters, this difference must, obviously, be due to dif- 
ferences in the kinds and conditions of patients studied. Entirely apart 
from the previous nutritional condition of the patient, one might cite 
at least two differences between a patient who suffers an accidental in- 
jur}^ and one who undergoes an operation of choice. In the first in- 
stance, excitement is inevitable, pain unavoidable, and unless an opera- 
tion is carried out, no anesthesia is used. In the second instance, 
excitement is usually absent, no pain is inflicted, and the anesthesia 
itself exerts definite influences. It is probable that the influence of 
adrenal cortical stimulation, the so-called ‘^alarm reaction’^ following 
injury, is much greater, following an accidental injury, than that fol- 
lowing operation. 

Regardless of these considerations, however, it is doubtful in my mind 
whether the existence of such a catabolic phase should justify a planned 
policy of starvation. For one thing, it would be difficult to tell when 
this phase was over. It would seem to be better to feed the patient 
moderately, at least, so that the nutriment may be utilized as soon as 
the body is able to do so. In this way, a policy of prevention is adopted, 
from the beginning, which will certainly tend to avoid many of the 
severe instances of malnutrition wdiich are so often seen after injurj- 
or operation. In the meantime, study should be continued of this 
catabolic mechanism, so as to minimize or remove it, as much as possi- 
ble. However, these considerations are not peculiar to intravenous 
feeding; they apply, equally, to oral alimentation. 

In presenting our findings, the importance of an obvious, but often 
forgotten, policy should be emphasized: to use the parenteral route 
only when the oral route cannot be used, and to use the parenteral route 
for as short a period as possible. Indeed, I would say that the most 
successful program of parenteral alimentation is the one which ends the 
soonest; in other words, which restores the patient to normal condition 
as soon as possible. This, indeed, has been our experience with the use 
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of a more complete intravenous diet. I would advocate the use of more 
complete solutions for intravenous feedings, but less of them. Lack of 
space prevents discussion of the many indications for the parenteral 
use of amino acid mixtures. In my practice, I use hydrolyzed protein 
in any patient who cannot eat or drink and would ordinarily receive the 
usual injections of glucose and saline. In presenting our findings, 
however, the observations will be confined to patients after operation 
only. In these cases, the patient cannot take food by mouth, for a 
few days, largely because of nausea and vomiting, and often because 
we wish to keep the gastrointestinal tract at rest, until it is able safely 
to absorb and digest fluids and food taken by mouth. 

In our experience, we have observed onl}’' four possible contraindica- 
tions to the use of hydi'ofyzed protein intravenously (but are not sure 
that the third and fourth are justified! : ( 1) a solution which has been 
open for several hours or is not ciystal clear; ( 2 ) an untoward reaction 
of the allergic type; (3) severe hepatitis; (4) postoperative anuria. 

The beneficial effects of including hydrolyzed protein in the solutions 
given parenterally, after operation, were evident, both objectively and 
subjectively, as compared with patients receiving the usual postopera- 
tive therapy. The detailed observations have been described in a 
previous report.® AVhile part of the improvement in surgical con- 
valescence may have been due to psychotherapy and early movement, 
the improved nutritional status undoubtedly played an important part. 
Patients who received hydrolyzed protein, in their postoperative paren- 
teral injections, were stronger and showed less anorexia than those who 
received glucose solutions, alone. This has also been the experience 
of Davis, ^ who observed patients receiving both forms of therapy. 

Objective measurements showed that the weight loss \vas less than 
the controls ( one pound as compared with nine pounds) , Determina- 
tions of serum albumin concentration showed a slight increase, as com- 
pared with a slight decrease in the controls. Observations were also 
made on nitrogen excretion, which showed a negative balance of but 
one to four grams a day, in patients receiving hydrolyzed protein, as 
compared with those given glucose, only. Table 5 shows additional 

Table 5 

Nitrogen Balance during 76 Postoperative Day'^^ 

All serious abdominal operations 


Total Nitrogen output urine 1142 giams 

Total Nitrogen intake* 861 grams 

Average daily Nitrogen lotb 3 7 grams 


’A® PYClubix#* ut plasma and viLoIp blood s Patients took 

nothing by mouth: (alone intake was intiu\enou«: glucose 400, 
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data, i.e.j in an unsclected group of patients receiving hydrolyzed pro- 
tein, the postoperative negative nitrogen balance, in 76 postoperative 
days in which collections were complete, averaged 3.7 grams. From 
previous observations, in similar cases receiving glucose, only, the nega- 
tive balance would have been 10 to 20 grams. 

In TABLE 6, are listed the urinary nitrogen determinations, in a well- 
nourished patient after a resection of the sigmoid, in which positive 
nitrogen balance was achieved. 


Table 6 

PosiTWB Nitrooen Bal^nce After Resection op Sigmoid 

Caloiic intake, 1000 caloricb. Patient well nourished. No postoperative 

complication''. 


P.O. Day 

Nitrogen intake 

Nitrogen out- 
put, urine 

Creatinine 

Balance 

Food 

I.V. Amigen 

1 

0 

6 0 

6 7 

1.75 

-1 7 

2 

0 

9 0 

— 

— 

n 

3 

0 

12 0 

9 2 

1.97 

4-2.8 

4 

0 

12 0 

11.2 


-hi. 8 

0 

0 

12 0 

12 8 

1 09 

-1 2 


si»Kinien 


SUMMARY 

The probable causes of deleterious effects, following the intravenous 
injection of amino acid mixtures, including hydrolyzed protein, have 
been discussed, and the clinical reactions, which totaled 0.8 per cent in 
a series of 2,729 consecutive injections, analyzed, 

Tlic beneficial clinical effects of adding hydrolyzed protein to the 
usual postoperative injection of glucose are described, in comparison 
with controls. These effects include: bedside improvement in sm'gical 
convalescence; elimination of, or decrease in, the negative nitrogen bal- 
ance; le>s loss of body weight; and an increase, rather than a decrease, 
in serum albumin. 
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DISCUSSION OF THE PAPER 

Dr. Everett I, Evans {Medical College of Virginia, Richmond, T"a.) ; 

Dr. Elman is to be congratulated for his excellent studios, and his perseverance 
in elaborating and proving the clinical worth of amino acid preparations for intra- 
venous infusion. The occurrence of unsuspected low tissue and plasma reserves of 
protein, in surgical patients, is far more widespread than, I believe, \ve have 
hitherto thought. In fact, in studies made by Dr. J. C. Forbes and myself, on a 
large group of ward patients being brought into the hospital for elective surgeiy^ 
we found, by plasma volume studies, a deficit in total circulating albumin in 
about oOS'c of these patients. Further, in a larger group (80%), there was found 
a more or less serious deficit in total circulating hemoglobin. The true status 
of these findings was only appreciated when it was found that the majority of the 
patients were thought to have normal values for circulating albumin and hemo- 
globin, because, by routine laboratoiy tests, the majority of the values were in 
the normal range; the actual values for albumin and hemoglobin were low*, be- 
cause of a moderate, to severe, deficit in tot.al circulating plasma volume. 

The^ findings make it certain that far more patients coming to surgeiy need 
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preoperative management, with ammo acid (and other) solution^, than ^^a^ e\i- 
dcnt by the ordinary laboraioiy invebligation^. Therefore, we believe tlieie 
iti a wide use for amino acid preparations in surgical patients. 

Some of the shortcomings of amino acid therapy should be mention(*d. One 
matter that disturbs some of the patients is that intravenous therapy rcquiiea 
a moderate period of immobilization of the arm. A much smaller gioup of pa- 
tients complains of nausea, during the infusion of amino acid preparation^!. IVe 
have found it lii^hly important not to mention to any patient who is to receive 
ammo acid infusions that he might develop signs and symptoms of nausea and 
vomiting. Indeed, if one does not alarm the patient about these problems, we 
have found that veiy few patients, now, have any difficulty with nausea and 
vomiting. Further, we are finding that one can give amino acid preparations much 
more rapidly, in most instances, than w e had thought, formerly. 

Some mention should be made of the pos^ible toxicity of amino acid prepara- 
tions. One hears, from some persons, of the probability of five to six deaths, 
after amino acid had been given intravenously. So far as I know, there is only 
one recorded death in. the literature; to this, we must add one other. In fact, 
our single death came with the first infusion of Amigen that we gave. The pa- 
tient was quite seriously ill, was severely jaundiced, and died after receiving only 
five to ten cc. of the preparation. Autopsy did not reveal an evident cau<e of 
death. However, the symptoms immediately preceding death caused us to be- 
lieve that the disturbance was allergic in nature. 

Although we are convinced, in our clinic, that there is a real need for amino 
acid therapy in many surgical patients, w;e would be remiss in not mentioning the 
critical need, in practically all our patients, for whole blood. Indeed, anemia 
of the secondary type is one of the most serious problems. Unfortunately, of 
course, amino acid preparations ^vill not take care of tliis anemia, although there 
can be little doubt that they aid in the later elaboration of hemoglobin. 

In tlie postoperative period, we feel there will be probably less need for amino 
acid therapy if eveiy efioil is made to mobilize the patient, early after operation. 
If one can get patients out of bed, hy the third or fourth day, and supply adequate, 
appetizing diets, there will be little need for amino acid therapy, in most patients. 
Our goal should be to get patients early out of bed and early out of the hospital. 
I might add, for what it is \vorth, that I am firmly convinced that there is need 
for a revolution in the preparation and serving of food to hospital patients. It 
might be well for hospitals to employ more good chefs and cooks and fewer 
dieticians. 

I am sure Dr. Elman will agree that, if properly selected and prepared food can 
be taken by mouth, there will be little need for amino acid therapy. We have 
had exceedingly gratifying results, in burned patients, by suppljnng a diet, com- 
posed of meat protein, at a level of 150 grams a day. This diet .''Gems to have 
done all that anj'- amino acid preparation could do. 

^inalI 3 ^ it is my impression that care ‘should be taken, by biochemists, phj”- 
siologists, and clinicians, that a new fad is not made of amino acid therapy, a& has 
been done with vitamin therapy. As Dr. Elman has shown, many patients have 
a real need for this new therap 3 \ It should not be given out of deference to 
mere publicity. 




CLINICAL EXPERIENCES WITH ORAL USE 
OF PROTEIN HYDROLYSATES* 

By CoTxji 

Laboratory of Expuimental iiuigoiy, Depart mint of Eui guy, Xew York Univei- 
sity College of Medkinc; New York UniueiMy Division of Sutgiiy, 
Bellevue Iloepital, New YoiL, N. Y. 

The oral use of protein hydrotysates, clinically, is based mainly upon 
the following considerations: 

1. There is increased excretion of urinary nitrogen, in disease and 
following injmy. 

2. Proteins may be lost in exudates from open lesions and in any 
discharge. 

3. Pathological processes arc usually accompanied by anorexia or 
other’ gastrointestinal disturbances, which reduce food intake and 
absorption. 

4. The hospital dictai’y is such that: (a) as a result of economy, the 
diet may be sub-standard; (,b) as a result of the same administrative 
attitude, the serving of a high protein diet is tiro exception rather than 
the rule, for the average patient; fc) the food served is usually inade- 
quate for the replenishment of proteins lost; (d) intravenous alimenta- 
tion is a mitigating, rather than a fully adequate, measure for the pro- 
vision of the body with proteins. 

Factor 3 is self-explanatory, but the other factors need some further 
explanation. 

Increased Urinary Excretion in Disease and Injury 

This phenomenon has been known for some time, but attention has 
been redirected to it by the recent work of Cuthbertson.* Whereas 
the nitrogen excretion in the urine of the average individual on a mixed 
diet approximates IS..*) grams daily,- in the diseased patient it may rise 
several-fold. This phenomenon has found recent confirmation, in this 
country, in the work of Albright,' Browne,* Lund et al.,^ Howard,"-*' 

The 'woik desciibcd m this pjipf'r was. done under a contioct, repomnienderl the Committee 
on Medical Rt'hcarch, between the Oifico ot »Scientihc Reswutli and Dp\ elopinent, and New Yoik 
Um\c‘isity. 

This paper lepresents the work, not only of the author, but also of a gioiip of collaboiators, 
among them: Doctors Aitliur M. Wiight, John II. Mulholland, Irvmg Baichani, George U. Gerst, 
N. Haboluj'as Kuo, Gerald T. McC^aithy; tlie musing start: Maiv Coughlin Shiilev Johansen, 
Helen Kocstner, Maiy Fluelleii, Uuth llallopetei; fhe ehemieal ‘^tatt: Mis. Lilly Schmidt, Mib. 
Doiiit Eisslpr, Fneda Wolf, Kilh SHls, Louis hiitlieiland, Ailhui Wtilhn, and Jh)sa Koiiieiei. 
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and Peters.® It has been called “toxic loss of nitrogen,” and the period 
during -which this loss is most acute, the “catabolic period.” It has 
been ingeniously related, by Albright and Browne, to the “alarm 
reaction”'^’ * described by Selye, and one of the cortical hormones of 
the adrenals has been thought to play a part. This loss of nitrogen 
was, at first, thought to be incorrigible: that is, regardless of how much 
protein is fed to tlie patient during this period, he cannot utilize it and 
is, therefore, doomed to protein wastage. At first, this catabolic period 
was thought to last several weeks, but it has now been reduced, by the 
same protagonists of the theoiy, to a few days, thus remo^^ng to the 
academic field this major obstacle to full protein replacement during 
the convalescent period. 

That this incorrectable period does not occur with any consistency, 
at least not in surgical cases, may be seen from table 1, which sum- 


T-tBl/E 1 

Cbitical R\xges op Xitroqex Ixt.akb in Sukoical Conditions 


Surgical conditiou 

N. Intake 
gm KBW 

Cases 

studied 

Gastrectomy 

.27 -.42 

25 

Cholecj'stectomv 

224-. 339 

9 

Herniotomj'. . 

1 .147-. 182 

18 

Appendectomy 

.184-. 359 

7 


raarizes tlie study of nitrogen balance, for the first seven to twelve post- 
operative days, in four surgical conditions; namely, gastrectomy, 
cholecystectomy, herniotomy, and appendectomy. It was found that, 
while herniotomy cases achieved positive nitrogen balance, when the 
level of protein intake lies between .147 and .182 grams nitrogen per 
kilogi-am body weight, appendectomy cases require .184 to .359 gm. 
X KBW; cholecystectomy cases, from .224 to .339 gm. N/KBIT; and 
gastrectomy cases, .27 to .42 gm. X/KBW. This protein intake was in 
the form of protein hydrolysates, given with dextri-maltose, so that 
each patient received 40 calories per kilogram per dajL 
This finding suggests that there may be a critical zone of protein 
intake, specific for each disease condition, below which zone patients 
go into negative balance, and above which, into positive balance; and 
that workers who used natural food in their studies could not supply 
nitrogen at a high enough level to achieve nitrogen equilibrium. In 
the gastric cases, in whom the study included body weight determina- 
tions and bedside ergography, the nitrogen gain was accompanied by 
an early return of strength, by gain in weight, and the ability to get out 
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of bed sooner, while in those registering nitrogen losses, there were losses 
in body weight, weakness, and prolonged convalescence. The latter 
suggests that the weakness and debility, following disease and opera- 
tion, may not all bo duo to disease itself and may be partly or mainly 
of nutritional origin. 


Protein Loss in Body Fluids 

The loss of all body discharges is accompanied by loss of protein or of 
products of protein breakdown. Thus, there is nitrogen loss in the 
urine, in the feces, and in the sweat. The discharge from fistula may 
carry out of the body unabsorbed food matter, and the loss of saliva 
or of the cerebro-spinal fluid would drain from the body the amount 
of protein present in these two fluids. The protein loss from denuded 
surfaces in burns and from large discharging cavities, such as in lung 
abscesses and empyemata, may lose for the body as much as 60 grams 
of protein, in 24 hours.^® This amount is well over one-fourth of the 
total circulating body proteins; it corresponds to over four plasma 
transfusions, and may account for the wasting, cachexia, and high mor- 
tality, in these conditions. 

The Hospital Dietary 

In most hospitals, the diets are an automatic matter, left in the hands 
of the dietician and given the minimum of medical supervision. In 
fact, the medical staff, having had only a rudimentary nutritional train- 
ing, are glad to leave nutritional matters in the dietician’s hands. This 
lack of understanding of the importance of proteins to bodily well- 
being may be laid to the teachings of Chittenden,^^’ whose work may 
be epitomized as engendering a philosophy of scarcity, rather than one 
of abundance. The clinician exposed in his student days to such 
teaching carries away the impression that, since the protein needs of the 
body are so easily met, it is a matter that requires little attention from 
him. 

The Sherman diets, recently re-approved by the National Research 
Council,^'^ were formulated for the well individual. How they became 
transferred, without any question, to the hospital, as diets for the con- 
valescent, has never been explained. The ''basic” or “regular diet” 
contains 70 gi’ams of protein (11.2 grams nitrogen), one gram per kilo- 
gram body weight. This diet, supposedly minimum, more frequently 
than not becomes maximum for the patient. Tlie high protein diet 
contains 120 grams of protein (19.2 grams nitrogen) in civilian hos- 
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pitals, and 130 grams (20.8 grams nitrogen) in military hospitals; but, 
owing to the necessity of economy, it is almost impossible for the aver- 
age hospital physician to prescribe a high protein diet for the average 
case. 

In view of the loss of nitrogen in disease and injury, it is understand- 
able that the “regular” diet is scarcely ever adequate, while the high 
protein diet may, in some severe cases, also be insufiBcient. Thus, a per- 
son losing 10 grams of urinary nitrogen, to take a low amount, would 
certainly need more than 11 grams of nitrogen in the diet to replace 
this loss, if one remembers that it takes more than 1 gram of protein 
for the replenishment of each gram lost. In a person who loses 18 
grams in the urine and 6 in a discharge, even the high protein diet be- 
comes markedly inadequate. 

To make matters worse, many hospitals, in an attempt at effecting 
economy, reduce the regular diet further, as has been shown in a previ- 
ous report.^*^ 

While it W’ould be helpful, for hospitals, to increase the protein con- 
tent of their regular diets to 100 grams and that of their high protein 
diets to 160 grams, yet the ceiling of protein intake, in natural food, is 
so low and so limited by the factor of satiety, that this measure in it- 
self would not correct the tendency to malnutrition in the average 
hospital patient. The protein hydrolysates, because of the large 
amount which can be administered, admirably bridge the gap between 
the nitrogen intake and output, in the convalescent patient. 

The Inadequacy of Intravenous Alimentation 

Intravenous alimentation with preparations of protein hydrolysates 
is an outstanding contribution, in the field of convalescent nutrition. 
The credit for this must be ascribed to Elman,^^ for his pioneer work, 
and to Cox and his associates,^^ for making the products available for 
■widespread use. However, intravenous alimentation was never in- 
tended to be any more than a mitigating measure during the period of 
large protein losses, when the patients are unable to tolerate the in- 
gestion of food. 

With the present low concentration of nitrogen and glucose in intra- 
venous preparations, it is almost impossible to achieve nitrogen and 
caloric requirements, solely through intravenous feeding. A little cal- 
culation will make this evident. The practical physiological limit for 
volume intake intravenously is, at the maximum, 3000 cc. daily. With 
a solution containing 5% each of protein hydrolysates and dextrose. 
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the patient receives only 150 grams each of the hydrolysate and of 
dextrose. This furnishes the patient with 18 grams of nitrogen and 
less than 1200 calories dail5^ While the protein supply may be ade- 
quate in a mild ease, tlie caloric supply is only two-thirds of the mini- 
mum requirement. Tt may be that a 7.5% solution of such a hj'droly- 
sate, in a 10% glucose solution, will provide a safe nitrogen and caloric 
margin, but then the solution may become too thick to administer con- 
veniently; the time of administration becomes correspondingly pro- 
longed, adding to the inconvenience of the patient and to the danger 
of thrombosis at the site of injection, a danger which is already en- 
hanced by the greatly increased hypertonicity of the solution. Elman^® 
has advanced the opinion that, in previously well-nourished patients, 
nitrogen balance can be attained without attaining caloric satisfaction, 
the patient burning up his own fat stores for the latter purpose. This, 
however, is no solution to the nutritional emergencies which arise, when 
a previously depleted patient undergoes an operation or falls a prey to 
disease. 

In \iew of the inadequacy of intravenous alimentation and the dan- 
gers and inconvenience attending it, it should not be looked upon as a 
method of choice, but should be reserved only for that period in which 
the patient is unable to tolerate oral alimentation, and must be discon- 
tinued, in the latter’s favor, as soon as possible. 

Hyperalimentation in Peptic Ulcers 

The treatment of 30 cases of intractable peptic ulcers, using the 
hyperalimentation method employing protein hydrolysates and dextri- 
maltose, has been reported in a previous paper.^® All but three were 
hospital cases. Since then, 63 additional cases have been accumulated, 
this time treated ambulatorily and with four different brands of protein 
hydrolysates. As in the previous series, all 63 were intractable cases. 

It is relevant, at this point, to explain why only intractable cases 
were chosen. Many peptic ulcers have a tendency to spontaneous re- 
mission, so that, in an indiscriminate series, it would be difficult to tell 
whether the improvement brought about was due to this tendency to 
remission or to the effect of the therapeutic regimen. With intractable 
cases, however, this doubt is largely removed. These 63 patients had 
suffered from the condition for periods varying from 3 to 19 years. All 
of them had had several x-ray examinations and were usually so 
medically sophisticated as to be able to cooperate intelligently in carry- 
ing out the treatment under supervision. There was never any doubt 
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in their minds which measures brought them relief. Most of them, 
disillusioned with what the medical profession could offer them in the 
way of relief, had despaired of ever being helped. 

These patients were given the hydrolysates to take, for the first 24 
to 48 hom’s, and instructed to report by telephone. If they did well 
on the first type of hydrolysate, for the first 48 hours, they were given 
enough of the same material to last them two weeks, but told to report 
as soon as they had any trouble, or, otherwise, once a week. 

All natural food was withheld, and resumed if the patient had no 
pain for two weeks. Smoking, and drinking alcoholic beverages were 
prohibited. Patients were allowed to go to work, unless the work im- 
posed too much of a strain on them, physically or mentally. 

The hydrolysates were given in amounts corresponding to 0.6 grams 
of nitrogen per kilogram body weight. The caloric equivalent of the 
hydrolysate was calculated, and the balance of the caloric intake was 
made up by salt-free dextri-maltose, so that the patient was taking 
from 40 to 50 calories per kilo. 

Both powders were dissolved in from 1 to 1.5 liters of hot water, and 
stirred until as much as possible would go into solution. The mixture 
was kept in the refrigerator to prevent souring. It was divided into 8 
feedings, given every two hours during the waking time. For those pa- 
tients having night pains, an additional feeding was given at night. 
Occasionally, a patient would have distress before the two-hour period 
ended. In that case, the mixture w^as divided into twelve feedings, 
given every one and a half hours. Some patients prefer to dissolve the 
hydrolysate and the dextri-maltose separately, taking the hydrolysate 
first and then following up with the dextri-maltose as a “chaser.^' 

In this series of patients, we have found kaolin, in the form of kao- 
magma or kaopectate, more eflScacious, in the treatment of diarrhea, 
than amphojel, which had been used in the series previously reported. 
No vitamins were given until the second week of treatment, when a full 
complement was administered. 

After two pain-free weeks, the patient was put on a bland diet, with 
the usual three meals, but so timed that they took the place of three 
of the hydrolysate feedings. The patient thus kept on taking five 
hydrolysate feedings daily, without dextri-maltose, for as long as he 
could tolerate hydrolysates. When tired of hydrolysates, he was 
asked to substitute dried milk, two or three tablespoons in hot milk, 
every two hours, except during meal time. 
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The data of this series of 63 cases of peptic ulcer, treated ambula- 
torily, may be briefly summarized as follows.* 

Sex: 61 male, 2 female. 

Age; 11 to 58 years. 

Type: 2 gastric, 60 duodenal, 1 recurrent (postoperative gastrec- 
tomy) . 

History: Night pains in 18, melena in 5, hematemesis in 2, perfora- 
tion in 3. 

Results: Excellent in 47, good in 12, failure in 4 (1 hemorrhaging un- 
der treatment and 3 unrelieved, including the recurrent) . 

Excellent: Pain stopped immediately, in 6; in 24 hours, in 35; in 48 
hours, in 6. Night pain disappeared, after the fihst or second days, in 
all; nervousness disappeared, in from 4 days to 1 week. 

Good: Pain stopped, in from 5 days to 10 days. There was gain in 
strength and morale, and a greater inclination to work. 

In this series, there were three failures, one of them a gastro-jejunal 
ulcer. 

Again, it must be reiterated that this regimen is only a means of 
bringing a symptomatic peptic ulcer condition to a prompt remission 
and roentgenologic healing. No claim is being made for a permanent 
cure, nor can it be said to touch the psychosomatic picture of the dis- 
ease, unless the restoration of cheerfulness and increased morale may 
be said to bring about an interruption of a vicious circle, this time in 
a reverse way, a somato-psychic beneficial circle. 

In a previous report, two reasons were adduced for the prompt re- 
sponse to the hyperalimentation regimen: 

1. The neutralization of the gastric juice; 

2. The feeding of a nutritious mixtui’e which furnishes the body with 
repair material. 

In the light of our experience, i.e., of better results from more com- 
plete hydrolysates than from less complete ones and dried milk, a third 
reason may be suggested: that the relief of digestive effort on the part 
of the gastro-duodenal tract was also conducive to healing. 

*The author gladly acknowledges his debt of gratitude to Mead Johnson and Company, for 
supplying Amigen for the treatment of ten of the cases in this series; E. R. Squibb and Sons, 
for Bupplsdng their protein hydrob^te for the treatment of thirty cases; Sheffidd Farms Co., 
Inc., for supplying their product, Edamin, for twelve cases ; National Drug Company’, for supply- 
ing their product, Aminonat, for eight cases; and Frederick Steams and Company, for suppl3dng 
their pr^uct for three cases. 
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Advanced Pulmonary Tuberculosis 

(Under the supervision of Doctors J. Burns Amberson and Julia M. 
Jones, Chest {Service, Believe Hospital.; Two cases of advanced 
tuberculosis, who were put on the hyperalimentation regimen, were re- 
ported in a previous paper.^*-^ Both improved in weight and in physical 
well-being, but fifty-seven days after the start of the regimen, there 
was still no roentgenologic improvement of the pulmonary lesions. It 
may now be reported that monthty roentgenologic examinations were 
made of these cases, thereafter, and that it was not imtil the seventh 
month that both showed definitive improvement, radiologically. A 
third case followed a similar clinical course, but showed improvement 
after the fifth month. The opinion of both Doctors Amberson and 
Jones was that the combination of bed rest and hyperalimentation did 
bring about a greater improvement than was anticipated, in view of the 
advanced stage of the disease. 

It may also be stated, here, that in not one of the three cases did the 
total plasma proteins rise significantly with the rise in body weight. 
This may mean either injmy to the plasma protein regenerative mecha- 
nism, or that the particular hydi'olysate used is a poor plasma protein 
regenerant. The latter supposition seems to be more correct, because 
Chow showed that, with this particular hydrolysate, he was unable to 
produce satisfactoiy regeneration of protein on depleted dogs.®® 
Whether the use of a hydrolysate with demonstrated ability to regener- 
ate plasma proteins more rapidly would bring about an accelerated im- 
provement in the radiologic picture, remains to be tested. 

Clinical Malnutrition 

In a previous report,^® two cases of clinical malnutrition were pre- 
sented, one having lost 22 kilograms of weight, following a poorly per- 
formed Polya gastrectomy, and the other having lost 20 kilograms in 
six months, as a result of an undiagnosed partial intestinal obstruction. 
The first one was given protein hydrolysates, representing .75 grams of 
nitrogen/KBW, and the other, .883 grams N/KBW. It took almost 
four weeks to restore both to working condition, at which time their 
body weights had come back to within a few kilograms of normal. It 
was stated, then, that this period of rehabilitation was several times 
faster than is usually the case, ^when natural food is used. It was also 
remarked that the phenomenon of a decrease in body weight, in the 
face of a markedly positive nitrogen balance, might have been due to 
the elimination of an excess of extracellular fluids. This remark was 
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prompted by the determination of the extracellular fluid volume (thio- 
cyanate space) , along with blood volume and other values, which had 
been made in the second case, but was not reported, because it was the 
only case in which these determinations had been made. 

Since then, two more such cases have been studied in a similar way, 
determining the total blood volume, the thiocyanate space, the plasma 
volume, and calculating from these and the hematocrit and the plasma 
protein level, respectively, the total red cell mass and the total circu- 
lating plasma proteins. The results of the study appear in table 2. 


Table 2 

Blood Element and Fluid Compabtment Studies in Three Cases op 
Clinical Malnutrition 

TBV =• Total Blood Volume; PV = Total Plasma Volume; TRCM = Total Red 
Cell Mass (erythron) = TBV x hematocrit jTPP = Total Plasma Proteins =* P V x 
Plasma Proteins gms%; TEx-F = Total Extracellular Fluid (thiocyanate space); 
PP = Plasma Proteins (grams%). 


Name 

Date 

1945 

Weight 

Kgm 

feeding 

N. intake 
gm/EBW 

TBV 

L 

PV 

L 

Hemato- 
crit % 

TR 

CM 

L 

PP 

gia% 

TPP 

gm 

TEx- 

F 

L 

Ex- 

F1 

cc/ 

Kgm. 

G.D.* 





m 

m 







6/28 

54.08 

“A" 

4.38 

3.05 

31 

1.33 

5.36 

162 

23.81 

443 


7/9 

59.5 

.833 gm N 

5.38 

3.23 

40 

2.15 

6.73 

218 

25.25 

424 


7/24 

65.9 

per KBW 

5.82 

3.43 

42 

2.39 

7.01 

241 

24.73 

376 

S.T.* 


70.9 


6.38 

3.55 

45 

2.83 

6 5 

231 

14.18 

200 


5/3 

56.4 


3.84 

2.44 

43 

1.4 

5.42 

174 

18.21 

323 


5/9 

54.1 

.6 gm N 

3.93 

2 37 

40 

1.56 

5.56 

178 

16.67, 

308 


5/24 

57.0 

per KBW 

4.21 

2.59 

38 

1.62 

6.09 

168 

19.19 

335 


8/6 

66.1 


4.57 

2 25 

45 

2.32 

5.74 

137 

13.80 

209 

F.K* 


59.0 


5 31 

2.92 

45 

2 39 

6 5 

192 

11.6 

200 


9/25 

40 


3.10 

2.01 

35 

1 09 

5 92 

119 

|l3.89l 347 


10 3 

43.5 

.575 gm N 

2.97 

2 05 

31 

0 92 

5.58 

114 

10.0 

230 


10/28 

50.5 

per KBW 

3.59 

2.16 

40 

1 43 

5.78 

124 

11.5 

228 


* The figures in the ssune horizontal lines as the initials are values estimated from the body 
weight, which is also estimated. 


The figures in the same horizontal column as the initials are esti- 
mated figures of body weight, of total blood volume (TBV) , using the 
factor of 90 cc. per kilogram body weight; of plasma volume (PV), 
using the factor of 50 cc. per KBW; the total red cell mass (TRCM), 
by multiplying the total blood volume by the hematocrit; and the total 
circulating plasma protein (TPP), by multiplying the plasma volume 
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by the plasma protein level; the thiocyanate space, by multiplying the 
body weight in kilos by 200. This last item appears in the last column 
as a normal figure, mth which to compare the determined values. The 
first four vertical columns represent the initials of the patient, the date, 
the weight in kilograms, and the type of protein hy^olysate fed, in- 
cluding the dose of nitrogen per kilogram body weight. The titles of 
the other columns are explained in the upper portion of the table. 

It will be seen from the table that the initial wei^t of G.D. was 
54.08 K; of S.T., 56.4 K; and of F.K., 40 K.; a loss, respectively, from 
the estimated pre-illness wei^t, of 27%, 20.4%, and 32%. The initial 
total blood volumes had dropped 34.3%, 40%, and 41% of their esti- 
mated pre-illness levels. The plasma volume, on the other hand, had 
dropped only 17%, 31%, and 31%, while the total red cell mass, by 
56%, 50%, and 55%. The total plasma protein dropped 32.5%, 25%, 
and 38%. Thus, among these values, the total red cell mass seemed to 
have suffered most, the total plasma protein next, while the total blood 
volume and the plasma volume, least. The extracellular fluids, meas- 
ured by the iiiiocyanate method, contrariwise, registered a significant 
rise; namely, 120%, 61%, and 73.5%, respectively. 

At this point, it is interesting to compare values for the total red 
cell mass and total plasma proteins with the hematocrit and the plasma 
protein levels. It wall appear from the table that, while the total red 
cell mass of G.D. had dropped from the estimated pre-illness level of 
3 liters to 1.33 liters, a drop of 56%, the hematocrit dropped from 45% 
to 31%, or a drop of only 31%. The total plasma protein fell from 
240 grams to 162 gi’ams, a fall of 32.5%, while the plasma protein level 
fell only from 6.5 to 5.36 grams, or a fall of only 17.5%. Similar dis- 
crepancies were also found wuth S.T. and F.K. In the former, the total 
red cell mass fell 51%, and total plasma proteins, 24.7%; while the 
hematocrit and tlie plasma protein level fell only 4.4% and 16.6%, re- 
spectively. In F.K , similarly, the total red cell mass fell 59%, while 
the hematocrit fell only 22% ; the total plasma proteins fell 38%, while 
the plasma protein level, only 8.9%. 

Thus, the methods we have relied on, clinically, for information as 
to whether or not the number of red cells and the plasma proteins are 
normal (namely, the red blood count and the plasma protein level) are 
not as accurate as we are in the habit of thinking. This is probably 
true of the hemoglobin levels. A fairly well-developed oligemia and 
hypoproteinemia can be present, before they are detected by our rela- 
tive methods of measurement. These hidden deficiencies could weU 
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be the underlying causes of the depreciation of physical fitness, follow- 
ing operation and disease. 

Three different types of protein hydrolysates were used in the re- 
habilitation of these three cases. The level of feeding was, unfortu- 
nately, not uniform. The body weight rose gradually during the hyper- 
alimentation regimen, in G.D. and F.K., but in S.T., a case of putoon- 
ary tuberculosis, it registered a fall first, despite a markedly positive 
nitrogen balance. The final weights rose 22 %, in 26 days, in G.D.; 
17%, in 93 days, in S.T.; and 26%, in 33 days, in F.K. Because of the 
fact that S.T. was a case of pulmonary tuberculosis, it is not fair to 
attribute this slow rise to the type of protein hydrolysate used. 

During the regimen, the total blood volume rose 33%, 19%, and 14%, 
respectively, while the plasma volume rose 11% in G.D., fell 8% in S.T., 
and rose 7% in F.K. The total red cell mass rose almost 80% in G.D., 
and 31% inF.K., while it fell21% inS.T. The values for the extracellu- 
lar fiuids, as indicated by the thiocyanate space, imderwent a rise in 
G.D., and a fall in both S.T. and F.K. ; but, in all three, there was a con- 
sistent fall in the volume of extracellular fluid per kilogram body 
weight. It thus appears that, when a patient loses nitrogen, he de- 
velops a tendency to store fluids in the extracellular space, but that, 
when he begins to store nitrogen, this excess fluid is eliminated, which, 
in some cases, accounts for a preliminary loss in body weight, in the 
face of a markedly positive nitrogen balance. 

There does not seem to be a parallel between the weight loss and the 
fall of the total blood volume, plasma volume, total red cell mass, or 
total plasma proteins. Whether the lag of one value behind the other 
is due to the more rapid withdrawal of one or more amino acids tlian of 
others, is not clear. Nor is there a parallel in the rise of these values, 
when positive nitrogen balance is re-established. Whetlier this lag 
is due to injury to one or more of the specific mechanisms involved in 
the formation of these blood elements, is also a matter to be determined. 

Effect of Hyperalimentation on Kidney Function 

There has been in existence for a long time, now, the opinion that 
hi^ protein diet is deleterious to the kidney. This has been disproved 
by the experience of Stefansson with his party of arctic explorers. Some 
recent experimental work by Addis,®^ showing that, when the kidney 
tissue of normal rats is reduced by surgical removal, until a third is left, 
the ingestion of a high protein diet precipitates luemia, seems to 
strengthen the former opinion. 
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A piece of work done in my laboratory, in which Dr. C. Y. Chu and 
Dr. C. S. Huang participated, is presented in table 3. It is seen, from 


Table 3 

Ure\ Clearance op CAbES on Prolonged High Nitrogen Feeding 


Name 

! 

Clinical 

1 condition 

i 

N. Intake 
gm 'KBW 

Av. N. 
output 

No. days 
avgd. 

Time on 
highN. 
feedings 
pi-ior to 
test 

Urea 

clearan(‘e 

G.D. 

Alalnutri- 

tion 

.883 

9 23 

1st 

10 

1 month 

74 8 

S.T. 

Tbc 

.61 

25.59 

7th- 

24th 

4 months, 
4 days 

79 

K.P. 

i 

iTbc 

1 

.716 

28.69 

1st- 

24th 

5 months, 
11 days 

84 8 

C.Y. 

Tbc 

.8 

32.94 

7th- 

24th 

5 months, 
11 days 

73 


this table, that the ingestion of a high nitrogenous diet, over periods 
lasting from four weeks to five and a half months, failed to affect the 
urea clearance, nor did it cause albuminuria or any other detectably 
abnormal manifestations. How a nitrogenous intake will affect an 
individual with renal pathology, may be a different matter 

Further Comments on the Clinical Use of Protein Hydrolysates 

The main reasons for the use of protein hydrolysates have been set 
forth in the opening paragraphs of this work. A number of minor con- 
siderations may now be enumerated. Protein hydz’olysates may be 
given in smaller bulk than a corresponding amount of natural food, 
and for this reason, more of the former can be given than of the latter. 
Being of uniform composition, it is easier to calculate the intake. It is 
easily dispensed. Given as a drug, it circumvents the vagaries of the 
patient’s appetite and the administrative difficulty of prescribing a high 
protein diet in the form of natural food. The physician and nurse 
have first-hand quantitative knowledge of the patient’s daily intake. 

A great deal has been said of the unsavory taste of protein hydi’oly- 
sates. This matter of taste is a relative one. Patients who need it 
and are told of the necessity of taking it, manage to down it. It needs 
some pressure, on the part of the attending physician, but certainly less 
than that requu'ed in obtaining tlie consent of the patient for a surgical 
operation. Moreover, the matter of taste is a chemical problem that 
is on the way to being solved. 

The question of acceptability, however, does not depend entirely on 
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the taste alone. There are forms which provoke abdominal distress, 
flatulence, diarrhea, and delayed vomiting. This train of symptoms 
has some relationship to the bacterial count, particularly if putrefactive 
bacteria are involved. In a former paper,^^ I stated that the bacterial 
count should not be over 200 per gram of the material. In om' present 
view, this statement is somewhat premature. The number of viable 
bacteria, at any one stage, is not an index of the bacterial history of a 
product, and hydrolysates having higher bacterial counts of 1000 have 
been given, without provoking symptoms, provided the bacteria are not 
of the putrefactive type. A test has yet to be devised to cover this 
problem of bacterial contamination. 

All things remaining equal, a soluble product is more acceptable than 
an insoluble one. The salt content must be such as not to cause an 
over-dosage of any particular salt, when given in hyperalimentation 
levels. The product wliich can be tolerated in largest quantities is 
more useful. 

There are now enough hydrolysates on the market to make thera- 
peutic comparisons. Using the critical zone of nitrogen intake of her- 
niotomy patients, we have found some hydrolysates to have the critical 
zone of .184 grams nitrogen per kilogram body weight, while others may 
be as high as .35 grams nitrogen per kilogi’am body w^eight. Manifestly, 
the former hydrolysates are nutritively superior to the latter. 

Finally, if the lack of parallelism between body weight and total 
blood volume, total red cell mass and total plasma proteins, in mal- 
nourished subjects, is due not to injur^^ of some specific mechanism, 
but to the amino acid compositions of the hydrolysates used, then we 
have found a method of testing what ideal mixture of amino acids 
would be required to restore these various body values in a parallel 
way, instead of having one lagging beliind the others. This would 
make the use of the amino acids an epistoinologically more productive 
avenue of study tlian that offered by natural food. 
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GENERAL DISCUSSION 

Dr. John H. MulhoUand {Bellevue Hospital, and New York University College of 
Medicine, New York, N. Y .) : 

From the clinical surgeon’s viewpoint, no field of investigation by chemists and 
physiologists is more timely than protein nutrition. Many of the basic fiT^dmgg 
have direct application in the sick patient. As the field of surgery broadens itself 
to the correction of non-urgent disturbances, the operations become purely elective 
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and frequently extensive. The mar^n of safety in surgical risk must be extended, 
in pai’allel. This margin of s;dety is best determined by a measurement of the 
protein, or amino acid factors, in that general nutritional state. 

Recent experiences in war surgery have been impressive. The wonderful re- 
sponse of a well-fed, well-conditioned American soldier to extensive wounds and 
operations has been attributed to penicillin, the sulfonamides, the use of whole 
blood, improved and earlier surgery, prompt transportation, and other factors. 
Frequently, the most important element of surgical success was forgotten. These 
soldiers had been trained, fed, and nourished for one to two years. Their superb 
condition gave surgeons a margin on which to work. In the later stages of the 
European campaign, it was a common experience to observe that, after extended 
field duties on K rations, the secondary wound closures and skin grafts were not 
so successful, and penicillin, blood, surgery, and transportation were used as be- 
fore. Then, too, experience with liberated prisoners, liberated persons, and pris- 
oners of war was eloquent testimony that a long period of malnutrition rendered 
all other advances less effective. Protein hydrolysates were not available, but 
adequate diet, plasma, and blood were not sufficient to bring about a speedy re- 
turn to a well nourished state. 

It is noteworthy, for the surgeon, that the clinical use of protein hydrolysates 
has been strikingly effective in the complications of diseases manifested by ulcera- 
tion or poor healing powers in ^rface wounds. The integrity of the surfaces of 
the body seems to be closely linked with some phase of protein or amino acid 
metabolism. The essentiality of certain protein fractions is not unlike the vita- 
min requirement. The effectiveness of methionine, in the prevention and treat- 
ment of fatty liver, which occurred in soldiers who had been on K rations for long 
periods, was observed in the African theatre. This is certainly similar to vitamin 
deficiency replacement. 

The trend of recent studies is not only to maintain positive nitrogen balance 
and plasma levels, but also to determine ^e specific properties of amino acids and 
the qualitative composition of proteins. The complexity of these problems, in 
this vast, labile, and dynamic chemical maze, is almost beyond the imaginative 
powers of a clinician. His service is to observe and evaluate controlled measures 
in the human. 
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INTRODUCTION TO THE CONFERENCE 
ON NERVE ACTIVITY 

By Tracy J. Putnam 
Columbia University, New York, N. Y. 

It is my pleasant duty to open a conference which is, in several 
respects, historic. 

In the first place, this is, as far as I am aware, the first truly inter- 
national conference on a purely physiologic or, in the broad sense, 
medical subject, since the beginning of the war. I see, in the audience, 
five continents represented, and I can reproach the program commit- 
tee and myself only for failing to Arrange for a delegate from Africa. 
It is my special privilege to welcome Dr. Eccles from Australia, Dr. 
Feng from China, Drs. Fessard, Couteaux, and Bugnard from France, 
and Dr. Bremer from Belgium, who have come so far for the special 
purpose of taking part in this symposium. 

The fact that we are all met here from various comers of the earth 
to discuss problems of pure science with a humanitarian purpose sym- 
bolizes, it seems to me, the hope of this troubled world, the hope that 
civilization is begiiming to recover from a desperate and destmctive 
illness, which barely missed being fatal. A relapse might well be final. 
But here we are, ready, willing, and able to talk over some questions 
which are of great importance, but definitely non-political. It is to be 
expected that differences of opinion will arise, and facts will be hotly 
debated. I feel certain, nevertheless, that the members of this confer- 
ence will be able to set an example for future international discussions, 
in agreeing on the criteria of truth and the means of arriving at an 
agreement on facts, witli a broad tolerance tow’ards possible means of 
interpretation. Let us hope that the United Nations Organization will 
take notice and be willing to learn. 

This meeting opens a wholly new \’ista, in another sense, also. At 
the time when the German Army crossed the Polish border, in 1939, 
there seemed to be little hope of bridging the gap between the point of 
view that transmission of the nervous impulse was a purely electrical 
phenomenon, and on the other hand, the conception that the production 
of a specific chemical substance was the essential fact. The atmosphere 
of the war was not in the least conducive to placid scientific work; 
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but here, six years have passed, and behold! the whole subject has be- 
come suddenly clearer. Our new insight into the problem has not 
come easily, and I must pay special tribute to our colleagues in Europe 
and in China, who have had the courage to carry on their investigations 
in the face of enormous discouragements and practical difficulties, and 
sometimes even in secrecy and at the peril of their lives. 

It is amazing that so much has been accomplished under such ad- 
verse circumstances. The details of the physiology of the individual 
elements of the nervous system have, in the past, seemed most obscure, 
and we have had to infer the outlines of the metabolic processes which 
occurred there from data gathered from other tissues. But it -now 
beems safe to say that our picture of the metabolism and the mecha- 
nism of action of* neurones is more complete than our knowledge of 
any other tissue, and the methods of study which were originally con- 
fined to neurophysiology are being extended to other physiologic 
problems. 

It is particularly gratilying to me that a clinical neurologist should 
be permitted to open this meeting. Clinical neurology used to be con- 
sidered a purely diagnostic specialty, a hopeless field of medicine, 
which consisted in little more than a meditation on disease. ^\''e are 
beginning now to be able to do a little more about the disorders of the 
nervous system, but we can make progress only as we possess insight. 
The physiologic methods of study w'hich have been devised and applied 
by the distinguished scientists I see before me, and the facts they have 
elicited are, I am sure, the surest guide we possess to advances in 
therapeutic methods. This is a new chapter, not only in neurophysi- 
ology, but in phannacology, clinical medicine, and, perhaps, even for 
the dark territories of psychiatry. 

We are grateful to The New York Academy of Sciences, and especially 
to the executive secretary, Mrs. Miner, for having organized so effi- 
ciently and made possible this symposium. We were fortunate in hav- 
ing the support of the Rockefeller Foundation, and we express our 
gratitude to Dr. Lambert for his advice and active cooperation. 

I should also like to thank veiy warmly Dr. Raymond Zwemer who, 
through his association with the State Department, helped us to over- 
come many difficulties. 

A few words about the program. The purpose of the symposium is 
not to present recent data alone, but to give an opportunity for dis- 
cussing some of the fundamental aspects and problems. There is so 
much to say that we have filled the program perhaps unduly full, and 
still have been unable to find time for many investigators whom we 
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should all enjoy hearing. We hope, however, there will be enough 
time left for discussion, if we abide closely by our schedule. The 
chemical aspect of the subject has been as much stressed as the physical. 
It seems that we shall all have to get accustomed to terms like enzymes 
and coenzymes, as w'ell as to positive and negative phases, and Weden- 
sky inhibition. At the end of the symposium. Dr. Gerard will try to 
integrate the different aspects which will be presented and discussed. 




THE MEMBRANE THEORY 

Bt Rtjdolf Hobbb 

Vniversily of Pennsylvania, Philadelphia, Pennsylvania 

The classical objects of the study of bioelectric phenomena are mus- 
cle and nerve. Resting, injury, and action potentials and currents are 
studied -with both of them. On the basis of Wilhelm Ostwald's investi- 
gations upon the electric properties of artificial inorganic precipitation 
membranes (1890), the physiological membrane potentials have been 
looked upon as being special forms of Nernst concentration potentials; 
in other words, potentials arising when solutions of different electrol 3 rtes 
are separated by a membrane characterized by a more or less selective 
ion permeability. As it was from the beginning of the electrophysio- 
logical era, both nerve and muscle have been used for solving the basic 
problems, and information gained from one type is valuable for both. 
Therefore, although our object is primarily a discussion of physico- 
chemical mechanisms of nerve activity, muscle potentials will also be 
treated. 

The Membrane Theory was established, in 1902, by Bernstein, when 
he ascribed the EMF of the locally injured muscle fiber to selective 
permeability to potassium ions present inside the fiber in a considerably 
greater concentration than outside. He conceived of the action poten- 
tial wave as a self-propagating depolarization by breakdown of this 
selective permeability. It was early assumed that this alteration is 
accompanied by chemical reactions. 

THE ION PERMEABILITY OF THE RESTING MUSCLE 
AND NERVE 

In immediate connection with Bernstein’s theory, in order to become 
acquainted with the general properties of the selective ion permeable 
membranes, it seemed to me that one of the main tasks was to study 
the effect of local application of the neutral inorganic salts upon the 
resting potential of muscle (Hober^) . 

A. The Inorganic Cations 

At first, the alkali cations only were varied, and potassium was 
found to produce the strongest negative pole, similar to the effect of 
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cutting the muscle, but often as a reversible process and obviously in- 
dicative of the greatest permeating power. The other alkali cations 
appeared to be less effective, in this order: potassium, rubidium, 
sodium, lithium; potassium and rubidium producing negativity, as 
compared to sodium, while lithium produces positivity. This was 
interpreted as being due to swelling or shrinking of hydrophilic colloids, 
which were assumed to be the chief constituents of the plasma mem- 
brane. Latei\ the same series was met by Michaelis with non-colloidal, 
rigid, dried collodion membranes. His findings seemed to fit in best 
with the concept of an ionic sieve. For, taking into consideration the 
shells of w’ater dipoles around the ions, the effective ionic volume ap- 
pears to be smallest with potassium, largest with lithium. But, as 
will be seen later, the differences are better correlated with adsorption, 
which, according to Gouy, Frumkin, and others, increases with decreas- 
ing hydration of the ions, potassium being most, lithium least, adsorbed. 

The membrane theory postulates that, as in the case of the suflB- 
ciently dried collodion membrane, wdiich is permeable only to potassium 
ion, strength and direction of the injury potential are dependent upon 
the ratio of potassium inside to potassium outside. In other words, 
the surface of muscle or nerve behaves as a potassium-electrode, 
potassium inside being constant and about 20 to 40 times greater than 
potassium outside. Therefore, by raising potassium outside, the EMF 
of an injured (cut! muscle sliould be decreased to zero, if potassium 
outside is equal to potassium inside, and its direction should be re- 
versed, if potassium outside is greater than potassium inside. My own 
early experiments 1 1905 ) failed to show the reversal, because, in con- 
trast to the rigid, dried collodion membrane, the ion selectivity of the 
plasma membrane is lost, due to its colloidal behavior: in other words, 
due to the swelling and disintegrating, even to the cytolyzing effect of 
higher potassium, especially after some lapse of time. However, the 
postulate of a reversal complies with recent observations of Hodgkin 
and Huxley,- and of Curtis an<l C\)le,’‘ in a particularly striking way. 
These authors, leaning upon Osterhout's* studies on the “impaled*^ 
giant plant cells ( Valonia I , pushed a microelectrode into the axoplawsma 
of the giant nerve fiber of the squid, along its axis, so that its tip was 
placed just opposite to the outside electrode, and they thus measured 
the membrane potential directly across the wall. The potential was 
found, in the case of the squid nerve, to be, on an average, 50 mV. 
Then, upon raising potassium outside to about 18 times normal, the 
resting potential was decreased to zero, and upon raising it about 40 
times normal, a reversal of 15 mV was observed. The corresponding 
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procedure has been applied to single frog muscle fibers by Gerard, 
Carlson, and Graham.® 

B. The Inorganic Anions 

The colloidal behavior of the physiological membranes, further, is 
brought into evidence by the effect of the inorganic anione. In gen- 
eral, with regard to their role in physiology, the anions are less powerful 
than the cations. This is due to the prevalent negative charge of the 
colloidal aggregates, which repel the anions. Locally applied to nerve 
or muscle, the resting potential reveals the following anion series: thio- 
cyanide, iodide, bromide and chloride, sulfate, with thiocyanide ion 
producing a positive pole. In other words, a reversed injury potential 
occm’s as a consequence of the anion adsorption on the membrane, 
which is greatest with thiocyanide, smallest with sulfate. This re- 
versal is an important point to be kept in mind for later discussion. 
However, after some lapse of time or after applying the salts in stronger 
solution, the anion series is reversed, thiocyanide and iodide forming 
a negative pole, thus resembling the effect of potassium ion. This, 
again, is significant, as due to a loosening, softening, and subsequent 
disintegrating action upon the hydrophilic colloidal membrane.^* ** 

C. Organic Anions 

These effects are related to those of a large group of organic anions: 
for instance, those of higher fatty acids starting with the 8-carbon atom 
chain, i.e., capiylic acid. These ions have a nonpolar-polar structure, 
the nonpolar, or organophilic and hydrophobic, part of the anion, 
mainly due to the adsorption aflBnities of the alkyl radicals, attaching to 
the organic material, e.g., to the particles of a Langmuir siuface film 
of protein; the other polar or hydi'ophilic part, due to the carboxyl 
radicals with their cloud of water dipoles, anchoring in the water. 
It appears that a pull towards the water can be exhibited upon the 
organic material. The pull is stronger or weaker, corresponding to the 
relative hydroaffinity, so that colloidal particles composed of a variety 
of molecules, like hemoglobin (which means, hem plus globin), visual 
purple, or chloroplastin, can be torn to pieces, a process termed de- 
naturation, solubilization, or detergencj". On the other hand, coiled 
peptide chains can be uncoiled, and organic architectures of great com- 
plexity, such as a plasma membrane, can be loosened by the adsorptive 
pull, which has the effect of abolishing reversibly the selective ion 
permeability of the membrane and starting irreversible cytolysis.^ 
For example, sodium caprylate is applied locally to a muscle. The re- 
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suit of a very weak solution is simply a reversed resting potential, due 
to the anion attachment to the pores of the membrane; the effect of a 
stronger solution is a regular resting potential, due to reversible 
loosening; while the result of a still stronger solution is an irreversible 
disintegration, i.e., an injury potential. 

D. Inorganic Plurivalent Cations 

The occurrence of the well-known cation antagonism is another in- 
dication of the prevalence of anionic colloids in cell structure. An im- 
balance between the monovalent and the plurivalent cations shows up 
in numerous observations upon animal and plant cells, among others 
by alteration of their electrical properties, as, for example, ohmic 
resistance, or conductance, or excitability. Preponderance of mono- 
valent cations (sodium, potassium) is bound up in muscle and nerve 
with loss of normal selective cation permeability, due to increased hy- 
dration. However, this is compensated for by the consolidating effect 
of plurivalent cations, like calcium, strontium, barium, cobalt, manga- 
nese, nickel (Hober®). 

THE CHANGE OF ION PERMEABILITY BY DC 

Let us turn now to the old and complex phenomenon of electrotonus. 
It comprises a multitude of alterations of cell responses, effected by 
direct current and having their origin in changes of membrane polariza- 
tion. Especially well-known are the changes of excitability of nerve 
and muscle. Excitability is diminished at the anode and increased 
at the cathode, except that, beyond a certain current strength, the in- 
crease turns to a decrease, the so-called cathodic depression. Anelcc- 
trotonus and catelectrotonus are tied up with changes of resistance. 
By placing one electrode on an intact spot of the excised nerve, the 
other on a crushed end, the resistance is raised at the anode, dimin- 
ished at the cathode. Consequently, while sending alternating current 
through the preparation instead of direct current, a rectifier effect ap- 
pears. These and other observations can be explained, partly on the 
basis of ion distribution between the inside and the outside of the 
membranes, partly by taking again into account the colloidal prop- 
erties of the wall of the natural membranes. As to the first point, ac- 
cording to Bear and Schmitt,® Cowan,^® Fenn and others, and Webb 
and Young,® the axoplasm of the giant nerve fiber of the squid, for 
example, contains 4 to 5 times more inorganic cations (mainly potas- 
sium) than anions, and 18 times more potassium than the blood. Be- 
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sides chloride, there are in the axoplasm small concentrations of phos- 
phate, sulfate, and lactate, but rather large amounts of organic anions of 
low mobility, possibly the anions of amino acids. These conditions are 
roughly reproduced in model experiments of Labes^® and Ebbecke.^* A 
membrane core-conductor is formed by a collodion tube, with pores wide 
enough to allow cations and anions to pass the wall. The tube is filled 
with a solution of potassixim phosphate and is packed in gauze which has 
been wetted with a solution of sodium chloride. One electrode is placed 
inside, another outside. If direct current passes the membrane, a smaller 
resistance is encountered, when the current goes from within outwards, 
than when it goes in the opposite direction. The reason is that, with the 
outgoing current, the faster potassium inside and chloride outside are 
swept into the membrane and travel, there, with greater velocity than so- 
dium outside and phosphate inside, being driven by an ingoing 
current. If, instead of collodium, hydrophilic and negatively charged 
colloids are the membrane constituents, as they actually are under most 
physiological conditions, then additional swelling and increasing dis- 
persion occur at the cathode, as well as shrinking at the anode. Con- 
sequently, the polarizability of the membrane falls at the cathode and 
rises at the anode. Swelling causes in natural objects, such as muscle 
and nerve, greater excitability at the cathode, but as the current 
strength rises more and more, the higher excitability turns over to 
inexcitability, or, in other words, to cathodic depression. More spe- 
cifically, according to Blinks,^* the membrane polarization of a giant 
cell of the fresh water alga Nitella, comparable to nerve or muscle with 
its thread-like shape, drops down to zero, if exposed to the swelling effect 
of potassium chloride in sufficiently hi^ concentration, and the cell 
does not respond any more to otherwise effective stimuli. How- 
ever, by applying, locally, an anode of rising strength to the depolarized 
Nitella cell, above a certain threshold value, the polarizability is re- 
stored, and a normal action potential can be elicited upon stimulation. 
Alternatively, with respect to cation antagonism, after excitability of 
a nerve has been suppressed by calcium, this stiffening effect is can- 
celled by the softening influence of a cathode, as shown by Woronzow,^' 
and more recently by Guttman and Cole.“ 

We turn, now, to the discussion of natural changes of ion ■permeability 
during action. It has been accepted, for more than 40 years, that 
depolarization, which is brought about by injury, compares essentially 
to depolarization accompanying excitation, as indicated by the "nega- 
tive variation” of du Bois-Re 3 miond. The negativity wave, therefore, 
is interpreted as a “breakdown of the membrane,” by which the selec- 
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tive cation permeability is abolished. Correspondingly, it has been 
assumed that, during excitation, the potential fall is as great as is the 
resting potential, measured at best ^vith the impaled nerve or muscle. 
But this is not true. Impedance measurements have shown the resist- 
ance to persist, to some extent, during excitation (Curtis and Cole) . In 
other words, the resting potential could be expected to be larger than 
the action potential. However, the contrary is true. Hodgkin and 
Huxley,- and Curtis and Cole, * inserting a microelectrode into the axon, 
detected the potential change, during activity, to be even larger than 
that due to injury". For example, in the experiments of Curtis and 
Cole, the resting potential average is 51 mV, the action potential 
108 mV. 

Before discussing this interesting situation, attention will be turned 
l)riefiy to a special problem. The word, breakdown, suggests leakage, 
and tor this reason, activity could be expected to be accompanied by 
leakage, especially from the large surplus of well-diffusible potassium 
normally retained in the axoplasm. However, such an escape from 
frog nerve, though often investigated, is doubtful, except following 
veiy prolonged stimulation (for example, 60 stimuli per second, for 
1-3 hours, in the experiments of Arnett and Wilde, with Fenn).^^ 
However, this may be accounted for, by assuming that only a very 
small area of the surface of a myelinated nerve, the Ranvier nodes, 
is available for difiusion. This can be correlated with the experiments 
of Cole and Curtis,^® regarding impedance and membrane capacity 
of the squid nerve. Notwithstanding the fact that, during excitation, 
the resistance of the squid nerve falls off from 1000 ohm/square-cm. 
to only 25 ohm/square-cm., not more than 2% of the area is involved 
in the increase of permeal)ility. This means that the remainder, 
about 98%, would be inactive. Another point is the fact that the 
state of excitation, in general, lasts only a very short time, measured 
in milliseconds. Veiy slowly reacting cells, therefore, may offer a 
greater chance to detect an ion es(‘ape. As a matter of fact, the con- 
ductivity of the water on the outside of the surface of a Nitella cell 
rises perceptibly, after several excitation waves have passed the slowly 
responding object, the excitation time being measured in tenths of a 
second (Cole and Curtis). Since depolarization is followed by re- 
polarization, the question arises, whether and how the ions which 
escape through the leaky membrane are recovered. It becomes in- 
creasingly clear that, in one way or the other, energy is utilized for 
this purpose. In other words, the physiological membranes are more 
than labile structures. Rather, they are, or can be, acting machineries. 
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For example: According to Furusawa, Feng, and Shanes and Brown, 
during anoxia the polarization of crab nerve and its excitability fall 
off reversibly, but seem to be maintained in the presence of. phos- 
phopyruvic acid, adenosintriphosphate, and thiamin; in otlier words, 
by establishing the normal glycolytic cycle. According to Hoagland 
and Davis,^® Nitella cells in the dark lose their intracellular chloride 
ions, tlirough tlie protoplasmic wall, into the smTOunding watei’ and 
recapture them during exiiosm’c to liglit. Furthermore, according to 
J. E. Harris,'^' potassium ion gets lost from human erythrocytes at low 
temperature, but re-enters at room temperature, after addition of 
glucose. 

REVERSAL OF THE NORMAL ACTION POTENTIAL 

I now come back to the lately-discovered fact, already mentioned, 
that the potential change during action does not equal the resting 
potential in magnitude, as it was assumed for many years. Rather, 
by overshooting the zero line, as shown in PicrRE 1, the potential is 



FiLLRb 1. Potential of the internal electi<»de. The figuie shons that the letsting potential is 
— 44 m\ Dm mg actiMt\ , the potential o\eii»hooth to the poMtive birle, +40 mV, w) that the 
action potential vta\c amounts to 84 mV. (Kodg'kiii ft Hxucley'!.) 

momentarily reversed in sign, the outside of the membrane becoming 
negative to the inside. Tliib reversal during passage of the impulae 
dots not fit into the classical picture of the behavior of the active nerve 
membrane, and possibly indicates a special mechanism, which is super- 
imposed to the mechanism of the customai'v excitation depolarization. 
Figure 2 depicts three conditions of the nerve membrane: (a) represents 
the normal polarization of a resting nerve membrane; (b) is indicative 
of the dei)olarized membrane, which, according to the ordinaiy view- 
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point, during activity is fairly equally permeable to cation and anion, 
to this extent resembling the situation in injury; while, in (c), an 
additional influence of organic anions has been taken into account, 
as has been discussed already by Hodgkin and Huxley.® These authors 

(Mwafcr 

A i ± i 1 ± -ksnv Ca) 


«i«, t: t : ii'li *t'. ' oMv (b) 


dicnx^ 0^1 on - 6 ~ e_4» _« .6 >4>40)W (c) 

Pofcnf 


Fxgvkb 2 Diagrama jlluatiating tbe reveisal of the ueix e potential 

have considered, among others, particularly the lactic acid anion, which, 
during actinty, would penetrate the membrane from inside and pro- 
duce a negativity outside. However, this hypothesis is rejected by 
Hod^n and Huxley themselves, as it would be hard to imagine the 
concentration and the mobility in the membrane of the lactate ion as 
being sufficient. Instead, I would prefer to pay attention, especially, 
to the organic nonpolar-polar, hydrophobic-hydrophilic anions, already 
mentioned, which possibly can be assumed to be present in the nerve 
membrane, or, rather, to be liberated as the excitation wave travels 
along the fiber. As stated earlier, such anions, locally applied to the 
outside of a muscle, call forth a reversed resting potential, whereas, 
if they originated during excitation inside, they would call forth a 
reversed action potential, due to the fact that the adsorption forces 
would draw these anions into the porous membrane, as shown in FiottBE 
2 (c) . Such a reversed resting potential has been found with the salts 
of higher fatty acids, alkyl sulfates, aryl sulfonates, and others. These 
experiments should be extended to nerves, especially to single nerve 
fibers like that of the squid, for the following reason ; 

Nonpolar-polar anions are abundantly preformed in the molecules of 
lipoids of the nervous system, chiefly in phospholipids and cerebrosides. 
Among their split products, the nonpolar-polar character is especially 
pronounced in the anions of fatty acids with long carbon atom chains, 
and, according to Langmuir and Adam, particularly in fatty acids 



HOBER: THE MEMBRANE THEORY 


389 


with one to three double bonds, e.g., in oleic, linolic, linoleic, arachi- 
donic, nervonic, and oxynervonic acids. These long carbon atom 
chains of the lipoids, lecithin, kephalin, sphingomyelin, and cerebrosides 
seem to be existent, not only in the massive sheath of the myelinated 
nerve fibers, but, according to Young and Francis Schmitt,“ also in 
the unmyelinated fibers of crabs and cephalopods (for instance, the 
squid nerve), where the thickness of the sheath has been found to be 
as small as one per cent of the diameter of the axon, i.e., about Sju, 
compared to 25 per cent of the diameter in vertebrates, as shown by 
Pumphrey and Young (plate 1). In the sheath of the unmyelinated 
fibers, the lipoids, though often not demonstrable by the customary 
staining with osmium tetroxide, can be detected with polarization 
optics (Bear and F. 0. Schmitt^) . 

Now, looking upon the excitatory process from the standpoint of the 
old “Stromchen theory” of Hermann,®* it is at the boimdary between the 
stimulated altered and the adjacent, unaltered region that small local 
circuit currents arise, fiowing out of the unaltered region, which then 
secondarily gets altered as in a catelectrotonus, and fiowing in at the 
oripnally stimulated region, which, thus, is inactivated as in an anelec- 
trotonus. Catelectrotonus, however, as mentioned before, means soften- 
ing the colloidal membrane and dispersing its structural aggregates by 
way of potassium and chloride ions and depolarization of the normal 
resting membrane. Anelectrotonus, on the other hand, means condensa- 
tion and re-polarization. The aforementioned increase of concentration 
of potassium, which happens to be produced in the membrane by the 
outflowing current, may then serve to liberate in the nerve membrane, 
directly, some of the nonpolar-polar anions, as, according to the well- 
known studies of G. L. Brown and W. Feldberg,®® acetylcholine is liber- 
ated by even a very small surplus of potassium (amounting to not more 
than 0.01 per cent) in the perfused ganglion cells, where it normally 
is fixed in a nondiffusible state However, the mechanism of this re- 
lease is by no means clearer than that just suggested for the nonpolar- 
polar anions. Alternatively, the nonpolar-polar anions could possibly 
be liberated, indirectly, by an activation of lecithase A, an enz 3 nne 
occurring in nerve tissue, which is known to set free the unsaturated, 
but not the saturated, fatty acids of the lipoid molecules.®* 

These are speculations, it is true. If, however, we refer them to the 
giant axon of the cephalopods, which was studied, in recent years, 
with most diversified and modern methods, it means that probably 
the alterations are boimd up with the thin surface membrane which 
wraps up the voluminous column of axoplasm, and that this fine mem- 
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brane would be tlie &ite of a c(»mplcx chemistiy. Although the dis- 
cussion of the chemical side of nerve activity is beyond the scope of 
this paper, I should like to conclude by toning to some interesting 
observations of von Muralt (19421, involving the appearance, during 
excitation, of a substance which may bring about the reversal of the 
membrane polarization. 

When an excised frog sciatic is stimulated, electrically, at a certain 
frequency and simultaneously is dipped with a certain velocity into 
liquid air, several excitation waves must be caught and frozen along 
the nerve. When an extract of stimulated and unstimulated nerves, 
pulverized in the frozen state, is made up with eserinized frog Ringer 
or serum, it appears that, during excitation, the nerve has liberated 
minute amounts of several substances. One of these, by various tests, 
is identified as acetylcholine; and a second substance is concentrated in 
the foam of the extract, which, from this sign of surface activity, 
possibly indicates the presence of a nonpolar-polar substance, whereas, 
in the foam from an acetylcholine-eserin-serum solution as a control, 
the acetylcholine fails to show an accumulation. Recently, by the 
same freezing method, von ^Muralt has intercepted a third substance, 
thiamin, which possibly also is surface-inactive/'' Certainly, these 
results are far from giving conclusive support to the concept that non- 
polar-polar substances, detectable by their surface activity, have been 
liberated during excitation. Even if they were, the liberation may be of 
minor significance, considering the fact that, according to Hopkins and 
Huxley, and to Curtis and Cole, the resting potentials of the giant 
nerve fibers vary little from one experiment to another, in contrast to 
a wide variability appearing in the size of their action potentials. In 
any case, this gi’oup of observations emphasizes the urgent need to 
extend the study of chemical ])r()ducts, which are directly connected 
with nerve activity, beyond the demonstration of acetylcholine. 
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Puts 1 

Large axon and small axons of stellar nerve of Sepia officitidh% (Yonng^ ) 





CHEMICAL MECHANISM OF NERVE ACTIVITY 


By David Nachmansohn* 

Depot tment of Neurology, College of Phystcutm and Butgeont, Columbia T ni- 
veisity, Neu Yoik, X Y. 

INTRODUCTION 

The electrical signs of nervous action were, for a centur}*', the only 
manifestations studied by neurophysiologists But the function of a 
living cell cannot be conceived in purely physical terms. This was 
clearly expressed by Gasser, when he compared the electric spikes to 
the ticks of the clock, both being only signs of acthdty.^ For a thor- 
ough understanding of the mechanism of nerve activity, a knowledge 
of the chemical reactions involved is essential Biophysics and bio- 
chemistry are, consequently, of equal importance and inseparable in 
any attempt to solve the problem. 

The special function of the nervous system is that of carrying mes- 
sages from one distant point of the body to another. This process 
may be subdivided into three successive phases: First, a stimulus 
reaching a neuron has to initiate an impulse. Second, the impulse once 
initiated has to be propagated along the axon. Finally, the impulse 
arriving at the nerve ending has to be transmitted either to a second 
neuron or to an effector cell. Early in this century, T. R. Elliot 
had the idea that the third phase, namely, the transmission of 
the nerve impulse from the nerve ending to the effector cell, may be 
carried out by a chemical compound released from the nerve ending and 
acting directly on the second unit. Elliot suggested that adrenaline 
may be the transmitter of the impulse from the sympathetic nerve end- 
ing to the effector cell.- He based this idea on the similarity between 
the action of adrenaline and the effect of stimulation of sympathetic 
nerves on tlie effector organ Similar ideas were advanced subsequently 
by Dixon and Howell. 

In 1921, Otto Loewi found that, following vagus stimulation of an 
isolated frog^s heai-t, a compound appeared in the perfusion fluid which, 
when transmitted to a second heart, produced an effect similar to that 
of vagus stimulation. Accepting the basic idea of Elliot, Otto Loewi 
concluded that this compound, which was later identified with acetyl- 

* Most of the work desenbed in this lecture has been supported b\ grant** from the Josiah Maty, 
Jr , Foundation and the Dazian Foundation for Medical Research 
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choline (ACh) , is actually released from the nerve ending and acts on 
the heart cell Erectly.® The concept of “neurohumoral” transmission 
appeared enlightening in the case of the autonomic nerves and was 
widely accepted among physiologists. 

In 1933, Dale tried to extend this idea of a “chemical mediator” of 
the nerve impulse to the neuromuscular junction and to the ganglionic 
synapse.^ In this case, however, the theory encountered strong opposi- 
tion. In addition to many contradictions and difficulties, summarized by 
Eccles,® there were two main objections. The first was the time factor. 
The transmission of nerve impulses across neuromuscular junctions 
and ganglionic synapses occurs in milliseconds. No evidence was 
available that the chemical process can occur at the high speed re- 
quired, and Dale admitted this difficulty. The second objection was 
still more fundamental. According to leading neurophysiologists, the 
excitable properties of axon and cell body are basically the same. The 
electric signs of nervous action do not support the assumption that the 
transmission of the nerve impulse along the axon differs, fundamentally, 
from that across the synapse. 

The idea of a chemical mediator, released at the nerve ending and 
acting directly on the second neuron, thus appeared to be unsatisfac- 
tory in many respects (Fulton*) . 

NEW APPROACH 

Recognition of two features of nervous action is essential to an under- 
standing of the problems and the difficulties involved: The high speed 
of the propagation of the impulse, and the smallness of the energy re- 
quired. In medullated mammalian nerve, the impulse travels at the 
rate of 100 meters per second, and the energy required per impulse per 
gram is less than 1/10 of a millionth of a small calorie. The recording 
of such an event offers many difficulties, even with the use of specialized 
physical methods. Only in the last twenty years have really adequate 
instruments become available for the analysis of physical aspects of 
nervous function. 

It is obvious that the study of the chemical reactions connected with 
an event of this kind must offer even more serious difficulties. No ade- 
quate methods are available for directly determining chemical com- 
pounds appearing in such minute amounts and for such short periods 
of time. There is, however, another possible approach. Nearly all 
chemical reactions in the living cell are effectuated by enzymes. The 
study of enzymes in vitro has elucidated many chemical reactions, 
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known to occur in living cells, which could not be followed by direct 
chemical determination of the compounds metabolized. Especially for 
an event occurring with such a high speed as the propagation of the 
nerve impulse, analysis of the enzyme systems involved appeared to be 
the most promising approach. 

Enzyme studies alone are, however, not sufficient for the elucidation 
of a biological mechanism, since there are so many simultaneous enzy- 
matic reactions in the complex system of the living cell. It is necessary 
to correlate enzyme activities with events in the intact cell recorded 
by physical methods. The most conspicuous example of such an ap- 
proach is the development of muscle physiology. Through the pioneer 
work of A. V. Hill and 0. Meyerhof, many physical and chemical 
changes have been correlated, and our concept of the mechanism of 
muscular contraction has, according to an expression of A. V. Hill, 
gone through a real “revolution.” 

The question of the role of ACh in the mechanism of nerve activity 
has been approached by the study of the enzyme systems involved in 
the formation and hydrolysis of the ester. On the basis of their be- 
havior in vitro, the activities of the enz3rmes could be correlated in dif- 
ferent ways with events in the living cell recorded by physical methods. 
The facts established show that the original theories of the role of ACh, 
and, more generally, the idea of “chemical mediation,” have to be mod- 
ified. There is a strong body of evidence that the release and re- 
moval of ACh is an intracellular process, occurring at points along the 
neuronal surface and directly associated with the nerve action poten- 
tial. The agent, however, which transmits the impulse along the axon, 
as well as across the synapse, is the action potential.®"® Some of the 
most important features of these investigations may be briefly outlined. 

I. CHOLINESTERASE 
A. Time Factor 

ACh is inactivated by the enzyme cholinesterase, which hydrolyzes 
the ester into choline and acetic acid. The first essential result of the 
studies of this enzyme has been the evidence of its high concentration 
in nerve tissue: Significant amounts of ACh may be split in milli- 
seconds; that is, a period of time of the order required for the passage 
of a nerve impulse. Consequently, the potential rate of ACh metab- 
olism is thus sufficiently high to permit the assumption that it parallels 
the rate of the electric changes and may, therefore, be directly con- 
nected with the nerve action potential. 



398 


AXXALb XEW YORK ACADEMY OF SCIEXCES 


The special case in which this problem of the time factor has been 
studied and received a satisfactory answer, is the frog’s sartorius mus- 
cle.^” A small fraction of this muscle is free of nerve endings. By 
determining the concentration of cholinesterase in this part of the 
muscle, in the part containing nerve endings, and in the nerve fibers, 
it is possible to calculate the concentration of cholinesterase at the 
motor end-plates. Since the number of end-plates in a frog’s sartorius 
is known, the amount of ACh which may be split during one milli- 
second at a single motor end-plate can be calculated. This turns out 
to be 1.6 X 10*" molecules of the ester. About one-third of the enzyme 
at the motor end-plate appears to be localized inside the nerve ending. 
On the assumption that one molecule of ACh covers about 20-50 
square A, the amount which may be hydrolyzed during one millisecond 
at one end-plate would cover a surface of 100-250 square microns. 

A high concentration of cholinesterase, of an order of magnitude 
similar to that at motor end-plates, exists at all synapses, whetlier 
central or peripheral, mammalian or fish, vertebrate or invertebrate.” 
In mammalian brain, for instance, 10’** to 10’*' molecules of ACh may 
be activated per gram of tissue dmung one millisecond. This corre- 
sponds to about 10-100 millions of square microns of neuronal surface. 

These- experiments removed one of the chief difficulties from 
the theory that ACh is involved in the transmission of nerve im- 
pulses. They established that the ester may be metabolized at the 
high speed required for a chemical reaction directly connected with 
such a rapid event. 

‘The difference betw’een synaptic region and fiber is, however, only 
quantitative. The concentration oi cholinesterase is high everywhere 
in nerves, although it rises at the region of synapses. 

B. Localization of Cholinesterase at the Neuronal Surface 

The second essential feature is the localization of cholinesterase in 
the neuronal surface. Direct evidence for this localization has been 
offered with experiments on the giant axon of squid {LoUgo pealiF-), 
This axon has a diameter ranging from 0.5 to 1.0 mm. The axoplasm 
may be extruded and thus separated from the envelope. The envelope 
is formed of connective tissue, lipoid and plasma membrane. The 
axoplasm was found to be practically free of cholinesterase. The whole 
enzyme activity is in the envelope. 

This exclusive localization of an enzyme in the neuronal surface has 
been found only in the case of cholinesterase. Respiratory enzymes 
are localized nearly completely in the axoplasm.^"* Bioelectric phe- 
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nomena occur at the surface. The high concentration of the enzyme 
at the surface suggested that ACh may be connected with conduction 
along the axon, as well as with transmission across the synapse. This 
view is consistent with the conclusion of neurophysiologists that the 
mechanism of these two events is fundamentally" the same. 

II. CORRELATION BETWEEN ENZYME ACTIVITY AND 
PHYSICAL EVENTS DURING NERVOUS FUNCTION 

The high rate of ACh metabolism and the localization of the enzyme 
at the neuronal surface made possible the assumption that the ester is 
connected with the electrical manifestations of nerve activity. How- 
ever, suggestive as these facts may be, observations on enzymes, as 
pointed out before, do not permit an interpretation of the actual role 
of the substrate. For an understanding of the precise function of an 
enzyme, its activity has to be connected with events in the living cell 
which, in the case of nerve, can only be recorded by physical means. 
Such a relationship has been established in three different w-ays. 

A. Parallelism Between the Voltage of the Action Potential and 
Cholinesterase Activity 

The first line of investigations in which a correlation between physi- 
cal and chemical processes was obtained, was in experiments on the 
electric fish. It was found that the activity of cholinesterase in the 
electric organ parallels exactly the voltage of the action potential. 

The powerful electric discharge in these organs is identical in nature 
with the nerve action potential of ordinary" nerves I A, V. HilP). The 
only distinction is the arrangement of the nervous elements, the elec- 
tric plates in series. The potential difference developed by^ a single 
element is about 0.1 volt, which is the same order of magnitude as that 
found in ordinary nerves. In the species with the most powerful elec- 
tric organ known, Electrophorus electncus, the so-called electric eel, 
several thousand elements are arranged in series from the head to the 
caudal end of the organ. Thus, the voltage of a discharge amounts 
to 400-600 volts, on the average, and, in some specimens, more than 
800 volts have been observed. In Torpedo, another species with a 
powerful electric organ, the elements are arranged in a dorso-ventral 
direction. Since it is a flat fish, the number of plates in series usually 
does not exceed 400 to 500, and, consequently", the discharge is only 30 
to 60 volts, on the average. 

In 1937, an extraordinarily high concentration of cholinesterase was 
found in the strong electric organ of Torpedo, In the following year. 
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a similar high concentration was found in the electric organ of Elec- 
trophorus electricus The organs, in one hour, hydrolyze amounts of 
ACh equivalent to one to five times their own weight. In the larger 
specimens, the organs have a weight of several kilograms, so that the 



■ V/cm 

amount of ACh which may be split m these organs may amount to 
several kilograms per hour or several milligrams in one-thousandth of 
a second. These are significant amounts. They make possible the 
assumption that ACh is directly connected with the action potential and 
may even generate it, for, in this case, the compound must appear and 
disappear in milliseconds. If speculation were to be excluded, the only 
means of removing this compound so rapidly would be by enzymatic 
action. The high concentration of a specific enz3ane appeared partic- 
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ularly significant, in view of the chemical composition of these organs: 
They contain 92 per cent of water and only 2 per cent of protein. 

In the weak electric organ of the common Ray, the concentration is 
relatively low. If, in the tliree species mentioned, voltage and number 
of plates per centimeter are compared Tvith the concentration of cholin- 
esterase, a close relationship becomes obvious.^®* 

A more detailed analysis has been carried out on the electric organ 
of Electrophorus electricus. This species is particularly favorable for 
such studies, since the number of plates per centimeter, and conse- 
quently, the voltage per centimeter, decrease from the head to the 
caudal end of the organ (plates 2 and 3). The cholinesterase activity 



Figubb 2 Corrdation between voltage and cholinesterase activity. 

The \oltage pei cm is plotted against the enz\me concentiation Ihe dotted Ime is calculated 
from the data obtained ^ith the method of least square; the fully dra^^n Ime calculated on the 
assumption that the line goes through the 0 pomt. 

decreases in the same proportion. If the electric changes are recorded 
and compared with the enzyme activity of the same section, a close 
parallelism is obtained between voltage and enzyme concentration 
(figtjke 1). This is found not only in regard to the variations which 
occur in the same specimen, but even for the variations between the 
individuals, which are quite considerable.^^ 

A great number of experiments have been carried out on fish of 
various sizes, covering a range of the action potential from 0.5 to 
22.0 volts per centimeter. The quotient CH.E./V was found to be 
20.7, with a standard deviation of only ±0.7 or 3.7 per cent. The 
standard deviation for a single measurement is ±6.1 or about 25 per 
cent. This is good uniformity for a quotient correlating physical and 
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chemical data. Of particular importance is the fact that the line 
correlating the two variables apparently goes through 0 (figure 2). 
This indicates a direct proportionality. The results arc consistent 
with the concept that the physical and chemical processes recorded are 
directly associated and, consequently, interdependent.^® Such a par- 
allelism has not been found with other compounds or enzyme activities 
known to be connected with nervous action. 

The direct proportionality found between physical and chemical 
events is significant, in view of the changing morphological structure 
of the electric unit, the electric plate. If all plates were identical in 
structure, as e.g.^ in the case of the electric organ of Torpedo, the volt- 
age and the cholinesterase actmty would be expected to be directly 
proportional to the number of plates. The situation is entirely dif- 
ferent in the electric organ of ELecfrophorus elect) Icus, because the 
structure of the plates shows enormous variations. In spite of all 
variations of the visible structure, the voltage of each plate is the 
same, namely, close to 100 millivolts It has, therefore, to be assumed 
that the ^‘active membrane,^’ with which the electric manifestations 
are connected and which is not yet well defined, does not change, but 
is similar in all plates. The direct proportionality found between 
voltage and enzyme actndty suggests, then, that the physical and chem- 
ical events may be associated with the same membrane and that they 
may be functionally interdependent Here again, the fact is important 
only in connection with the gi'eat number of other observations, espe- 
cialty the extraordinarily high speed of the chemical process, without 
which the correlation observed would not have the same interest. 

Two assumptions appear possible concerning the manner in which 
ACh may act: It may produce electromotive force directly by action 
on the surface, or it may decrease tlic resistance by increasing the 
permeability of the boundaiy. Resistance and electromotive force 
are closely related properties. So tar, tlie evidence from experiments 
on nerves is in favor of a change in resistance and increased perme- 
ability. On the basis of alternating current impedance measurements 
carried out on the giant axon of squid, Cole and Curtis calculated that 
the resistance drops during the passage of the impulse from 1,000 ohms 
to about 25 ohms per square centimeter.^** In experiments on the elec- 
tric tissue, a comparable drop in resistance was found by Cox, Coates, 
and Brown.®® There is no conclusive evidence that electromotive force 
is actually produced during the passage of the impulse. One possible 
interpretation on the basis of the material available at present is, there- 
fore, the assumption that the parallelism found between voltage and 
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ACh metabolism may be due essentially to the effect of the ester on the 
resistance of the boundary or, which is equi^'alent, on its permeability. 

Thus, we arrive at the following picture of the role which ACh may 
have in the mechanism of nerve activity: According to the membrane 
theory which is most widely accepted among physiologists, the nerve is 
surrounded by a polarized membrane. The polarized state of the 
membrane is due to a selective permeability to potassium ions which 
are many times more concentrated inside the axon than outside. Dur- 
ing the passage of the impulse, the permeability of the membrane to 
negative ions is increased, and a depolarization occurs. The rapid ap- 
pearance and removal of ACh may be an event essential for this change 
in permeability. The depolarized point becomes negative to the adja- 
cent region, and flow of cun*ent results. This flow of current stimu- 
lates the next following point. There again, ACh is released, and the 
whole process repeated. The impulse is thus propagated along the 
axon. Cholinesterase destroys the active ester very rapidly, and the 
state of polarization may hereby be restored. 

At the nerve ending, other factors, like increased surface and de- 
creased resistance leading to a greater flow of current, may act in ad- 
dition. But the process is fundamentally identical, the transmitting 
agent being the flow of current. Whereas, in earlier theories, ACh 
was considered as a “neurohumorar’ or “synaptic^’ transmitter, i.e., a 
substance released from the ner^^e ending and acting directly on a sec- 
ond neuron, in the new concept it is assumed that the transmitting 
agent is always the electric current, the action potential, but the re- 
lease of ACh is necessaiy- for generating the current. 

The picture is consistent with the idea of the propagation of the 
nerve impulse as developed by Keith Lucas and Adrian. It becomes 
unnecessary to assume that the transmission along the axon differs fun- 
damentally from that across the synapse. The assumption of a special 
mechanism at the synapse, different from that in the axon, as empha- 
sized before, was the chief difficulty which had to be overcome to 
reconcile the original theoiy" with the conclusions of the electrophysi- 
ologists This appeared necessary for any satisfactorj" answer to the 
problem. If it is true that physical methods alone are unable to ex- 
plain the mechanism in a Ihing cell, it is equally tme that conclusions 
based on chemical methods should not be in contradiction to those ob- 
tained with physical methods, in \uew of the much higher sensitivity 
of the latter. 

The picture of the transmission of the nerve impulse across the syn- 
apse is, however, far from being complete, if only the flow of current 
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from the nerve ending to the second unit is considered. The observa- 
tions of Eccles and his associates have shown that the electric current 
set up by the pre-synaptic impulse initiates in the post-s3maptic mem- 
brane a special junctional potential (end-plate potential or, more gen- 
erally, synaptic potential*^) . 

These findings have recently found a morphological correlate by the 
discovery of Couteaux that the sarcoplasm surrounding the presynap- 
tic nerre ending has a very peculiar structure.®® It is similar to that 
described by several authors of the last century in the electroplasm 
which surrounds the nerve endings in the electric plates of electric fish 
and which shows a layer of “electric rods,” the “palisades” of Eemak, 
at that particular point. 

The biochemical data support the assumption of a high rate of 
ACh metabolism in the post-sjmaptic membrane of the neuro-muscular 
junction. At the motor end-plate of guinea pig gastrocnemius, only 
one third of the cholinesterase was foimd to disappear within three to 
four weeks after section of the motor nerve.®®’ ®* The rest remained 
there for many months, a long time after the end-plate had been trans- 
formed into a sole plate. It app#ars, thus, probable that part of the 
high concentration of cholinesterase observed at the motor end-plate 
may be located at the post-synaptic membrane. The observations on 
the electric organ support the assumption of such a localization. The 
electric plates which form the electric organ are homologous to motor 
end-plates. The discharge in these organs can be considered as com- 
parable to the end-plate potential, that is, a response of the post-synap- 
tic membrane. The direct proportionality found between the voltage of 
the discharge and the cholinesterase activity is, thereiore, another in- 
dication for the importance of ACh in the post-synaptic membrane 

Specifi,city of Cholinesterase 

In all the experiments on the activity of the enzjrme, it was assumed 
that cholinesterase is specific for ACh. In such a case, not only is tlie 
conclusion justified that the substrate metabolized is ACh, but also, 
the activity of a specific enzyme determined in vitro may well be used 
as an indication for the potential rate of metabolism of the substrate oc- 
curring in vivo. 

It appeared imperative, therefore, to demonstrate the specificity of 
the enzjrme for ACh in all those tissues which were used in the inves- 
tigations leading to the new concept. The ester linkage in ACh shows 
no peculiar properties. It has, therefore, to be expected that the ester 
can be hydrolyzed by other esterases and, on the other hand, that 
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cholinesterase can hydrol 5 ^ze other esters Specificity, in this case, 
would be expected on the basis of analogy to be only relative, not 
absolute; Cholinesterase might be expected to split ACh at a higher 
rate than other esters, whereas other esterases might be expected to be- 
have differently. By testing a number of substrates, a pattern has 
been obtained w^hich makes it possible to distinguish specific cholin- 
esterase from other esterases 

In the variety of nerve tissues which have been used as basis for 
establishing the new concept, the enzyme was found to be an esterase 
specific for ACh: viz., mammalian brain, lobster nerv'e, squid fiber con- 
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Fzgubb 3 Pattern of cholmestefa«e (nucleus caudatus of ox) m presence of different substrates 
compared to that of an esterase (kidnej ) not specific for acetylcholme 
The columns represent the Q of the substrates, the Q of 4Ch being 100 Abbreviations* Pr = 
propionjlcholme, Bu = butyrjlcholme, Me = acetjl-i5-methjlcholine (mecholyl)* Be=b«azo 3 -I- 
cholme, Tr = tnbutjnn, Mb = methjl butjTate 

taming the giant axon, and the electric tissue. All show a similar 
pattern, typical for cholinesterase. Even then, rigid statements should 
be avoided. Occasional deviations in one or the other directions may 
be expected. Recent observations of Richards and Cutcomp®* have 
revealed that the cholinesterase of bee brain splits acetyl-j8-methyl- 
eholine at a higher rate than ACh, whereas, otherwise, the pattern was 
typical for cholinesterase. In contrast, the hydrolysis patterns of the 
esterase of other organs (liver, kidney, and pancreas) differ greatly 
from that of cholinesterase (figube 3) . The esterase in these tissues 
shows several variations, but this could be rapected, since the physio- 
logical substrate is unknown, and probably varies in the different or- 
gans. They should be referred to as unspecified, not as unspecific, 
esterases, because they may well be specific for substrates not as yet 
specified. ACh is metabolized at a high rate only in nerve tissue, 



406 


AXXALS XEW YORK ACADEMY OF SCIEXCE}:^^ 


since only there is choline acetylase found If the esterase in all nerve 
tissue shoT\s a pattern so distinctly different from that of the esterases 
of other tissues, it is justifiable to consider this enzyme as a specific 
cholinesterase. 

HOMOGENIZED 

ACH PR BU ME BE TR MB 
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1:3,000 
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100 109 0 26 0 0 0 

FiOLRb 4 Rate of h>droI\si«j of different esteib the cholinebteiase of the electiic oigan of 
Eleitrophorus electncus 

The first row gi\ps the data obtained ^ith a homogenized subpension of electiic tisbue hi siuli 
sii^^pensions, 1 mg of protein splits about 20-40 mg^ ot ACh per horn 

The thice follo\^ing rovih show the data obtamed \iith mcreasmg degrees of punt\, 1 mg oi 
pioiem splitting 1,400, 3,000, and 78,000 of ACh pei hour, lespectnelj 

Of particular importance is the question of the enzyme present in the 
electric tissue. The interpretation given for the direct proportionality 
between voltage and enzyme activity is justified only if the enzyme is 
exclusively, or almost exclusively, specific cholinesterase. Only in 
that case can the proportionality be referred to as an interdependence 
between ACh metabolism and electric manifestations. 

The enzyme extracted from the electric organ of Electrophoms elec- 
tncus has been purified by fractional ammonium sulfate precipitation. 
A high degree of purity may be obtained in this way. 1 milligram 
of protein is capable of splitting twenty to thirty thousand milligrams 
of ACh per hour. By further separation of the proteins by high speed 
centrifugation i ultracentrifuge), in collaboration with Dr. K. G. Stern, 
a degree of purity has been obtained where 1 milligram of protein was 
able to split eighty thousand milligrams of ACh per hour. If the rates 
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of hydrolysis of different substrates by the highly purified enzyme are 
compared to those obtained with the homogenized suspension of electric 
tissue, the pattern obtained remains exactly the same throughout the 
whole process of purification (figure 4). Both have the pattern char- 
acteristic for cholinesterase. Thus, the correlation established between 
voltage and enzyme activity can be consequently referred to a corre- 
lation between ACh metabolized and voltage developed. 

It may be noted that examination in the analytical ultracentriluge in- 
dicates that the enzyme is a veiy large molecule. These are not yet 
final observations. If they could be confirmed, they would indicate 
that the turnover number of the enzyme is many millions per minute 
and that one molecule of cholinesterase could split one molecule of 
ACh within a few microseconds. 

B. The Energy Source of the Nerve Action Potential 

The second line of investigations, in which enzyme activity could be 
correlated with events in the li^dng cell recorded by physical methods, 
is based on the energy transformations involved and on thermodynamic 
considerations. 

If the release and removal of ACh are associated with the primaiy 
alterations of the neiwe membrane during the passage of the impulse, 
then the primary’’ source of the chemical energy released during the re- 
covery process should be used for the resynthesis of ACh. 

The most readily available source of energy in li^dng cells is that 
released by energy-rich phosphate bonds. Phosphocreatine, the main 
“storehouse’' of energy-rich phosphate bonds in muscle, is also present 
in nerves. The electric organ offers a suitable material for investigat- 
ing the chemical reactions which supply the energy for the action po- 
tential. Both electric and chemical energy released are within the 
range of measurement, whereas, in ordinary’’ nerves, such an analysis 
is diflScult. 

Measurements carried out on the electric organ of Electrophorus 
electricus have revealed that the chemical energy released by the break- 
down of phosphocreatine is adequate to account for the electric energy 
released by the action potential. The electric energy released exter- 
nally per gi’am and impulse, in large eels, was found to be 4 micro- 
calories. This is the maximum external energy which may be obtained, 
under the condition that the external resistance is approximately equal 
to the internal. The total electric energy is about 6 times as high as 
the external, or about 25 micro-calories. These data were obtained 
on eels of 170 to 180 cm length. In medium-sized eels of 90 to 120 
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cm. length, the total electric energy released per gram and impulse was 
found to be 47 micro-calories, on the average. There are some as- 
sumptions, on which these figures are based, which will be discussed by 
Drs. Cox, Coates, and Brown. If we consider all probable assump- 
tions, these figures may possibly be revised downward by 15 per cent 
or upward up to 100 per cent. 

Tested under the same conditions, the energy released by the break- 
down of phosphocreatine was found to be 32 micro-calories per gram 
and impulse, in the large eels (average of 15 experiments) . In the 
medium-sized eels, the energy released by phosphocreatine was about 
51 micro-calories (average of 15 experiments) . The lactic acid forma- 
tion released about 17 /ical., in the large, and 53 ju-cal. in the medium- 
sized, eels per gram and impulse. The energy of the lactic acid is prob- 
ably used to rephosphorylate creatine, just as in muscle where the 
phosphopyruvic acid transfers its phosphate vta adenosine triphosphate 
to creatine (“Parnas reaction”). The sum of the two reactions may, 
therefore, be used as indication for the energy released by phosphate 
bonds. It amounts to 49 ficsil, in the large, and 104 fioah in the 
medium-sized, eels. The figures are consistent with the conclusion 
that energj^-rich phosphate bonds are adequate to account for the en- 
ergy of the action potential. 

It appeared crucial to test whether or not energy-rich phosphate 
bonds are really the energy source of ACh formation. If this be the 
case, it would show that the energy of the primary recovery process is 
really used for the resynthesis of the compound which, by its release, 
supposedly initiates the nerve impulse. It would, therefore, at the 
same time, constitute a new support for the assumption that the primary 
“excitatory disturbance” which produces a propagated impulse may, 
indeed, be the release of the ester. 

In confirmation of this assumption, a new enzyme, choline acetylase, 
could be extracted from brain in cell free solution, which, under strictly 
anaerobic conditions, in presence of adenosine triphosphate, forms 
ACh.2"-3^ 

The enzyme has been extracted from homogenized brain. From one 
gi*am of fresh rat or gumea pig brain, enzyme solutions were obtained 
which form 150-200 fig, of ACh per hour. More recently, up to 250 
/Ag./g./hr. were obtained. 

Presence of eserine and fluoride is necessary to inhibit the action of 
cholinesterase and adenosine triphosphate, respectively. Inhibition of 
the latter enzyme is necessary, since, otherwise, the breakdown of 
adenosine triphosphate occurs too rapidly. Fluoride inhibits this 
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breakdown, but it does not interfere with the transfer of energy-rich 
phosphate bonds, as has been shown by Ochoa.^^ 

The enzyme has also been extracted from powder of acetone dried 
brain.^®' Extracts prepared from one gram of powder form 1. 0-2.0 
mgs. of ACh per hour. Since acetone inactivates cholinesterase, this 
enzyme is largely, or sometimes completely, inactivated in the extracts 
prepared from powder of acetone dried brain, so that addition of eserine 
may have either a small effect or practically none on the formation of 
ACh. Adenosine triphosphate is also removed in extracts from acetone 
dried brain. No addition of fluoride is, therefore, required. For in- 
stance: In one experiment, 820 fig. of ACh were formed per gram and 
hour, with no eserine 780 fig, and without fluoride 810 fig. It has, 
thus, been demonstrated that the enzyme mechanism responsible for 
the formation of the ester is not identical with the hydrolyzing enzyme. 

The enzyme requires the presence of potassium in high concentration, 
close to that found in brain. It contains active sulfhydryl groups 
which are readily inactivated by monoiodoacetie acid or copper in low 
concentration. The — SH groups are easily oxidized by air. On di- 
alysis, the enzyme rapidly loses its acthity. Addition of potassium ion 
andl (+) glutamic acid or cysteine reactivates partly. 1 ( + ) alanine, 
also, has some effect; other amino acids have either a weak effect or 
none. Citric acid has an effect nearly as strong as glutamic acid, 
whereas dicarboxylic acids have practically no effect.®®^ 

The longer the dialysis is carried on, the weaker is the reactivation 
by the compounds mentioned. The experiments suggest that choline 
acetylase requires a coenzyme for its activity. The coenzyme has 
now been found. In contrast to the enzyme which occurs only in 
nerve tissue, the coenzyme has been extracted from brain, liver, heart, 
and skeletal muscle (Nachmansohn and Berman’’®). The coenzyme 
has been purified to a certain degi’ee by treatment with barium salt, 
which precipitates the coenzyme. The purification, however, is still in 
progress. The coenzyme not only reactivates the dialyzed enzyme, 
but increases considerably the undialyzed enzyme preparations. 
Marked activation has been obtained in this way, especially in extracts 
from lobster nerve, rabbit’s optic nerve, and electric tissue. Of special 
interest is the evidence for the presence of choline acetylase in the 
optic nerve. The possibility of a role of ACh in sensory nerves has 
been a matter of controversy for many years, since the ester was not 
found in such nerves, whereas cholinesterase is present in concentra- 
tions in an order of magnitude similar to that in motor nerves. The 
presence of choline acetylase in the optic nerve is further support for 
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the assumption that ACh may have the same function there as in 
other nerves. 

The oxidation products of amino acids, i.e,, a-keto acids, have a 
strong inhibitory effect on the formation of ACh, when present in con- 
centrations of 10-® to 10"^ M. So far, pyruvic, phenylpyruvic, oxy- 
phenyl pyruvic acid, and a-keto glutaric acid have been tested.^®’ 

ACh formation has also been studied in extracts prepared from 
peripheral nerve fibers, in order to determine whether or not choline 
acetylase is present in the peripheral fibers, as well as in brain.®'*’ 
This should be the case, if the new concept of the role of the ester in the 
axon is correct. It has been found that choline acetylase may be ex- 
tracted from peripheral nerve fibers, as well as from brain. The rate 
of formation of ACh in extracts prepared from the sciatic nerve of the 
rabbit was found to be 70 to 90 [xg. per gram and hour. The sciatic 
contains a large amount of inactive tissue ( connective tissue, fat, and 
myelin). On the assumption that this tissue forms about two-thirds 
of the total weight, which is a conservative estimate, the amount of 
ACh which can be formed in the axon of the rabbit sciatic may, thus, 
be about 260 fig. per gram per hour, and is probably higher. 

It appeared of special interest to determine the activity of choline 
acetylase during degeneration, and to test how this metabolism is re- 
lated to the nerve function, i.e,, to conductivity. Conduction is still 
maintained two days after section, whereas, after three days, it has 
disappeared. If the release of ACh is responsible for conductivity, 
formation of ACh should be possible at a rate not too far below normal, 
as long as the nerve is capable of conducting. 

Forty-eight hours after the section of the sciatic, choline acetylase 
acthity has decreased only about 20 to 25 per cent. After seventy- 
two hours, when conducthity has disappeared, the decrease is marked, 
but still about one-third of the enzyme is present. The results arc 
consistent vith the assumption that enzyme mechanism is required for 
conduction. 

C. Nerve Action Potential and Inhibition of Cholinesterase 

In a third line of investigation, cholinesterase activity and nerve 
action potential could be directly correlated in experiments on the 
peripheral axon. One of the essential facts in support of the theorj- 
of '‘neuro-humoral” or “synaptic” transmission was the observation 
that ACh, when applied to synaptic regions, may have a stimulating ac- 
tion. No action has yet been obtained with the ester, when applied 
to the axon. Lorente de N6®** kept bullfrogs’ sciatic nerve in a two 
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gram per cent solution of ACh for many hours, and did not find any 
effect on conductivity. He considers his failure to obtain an effect on 
the axon by ACh as proof against the new concept of the role of ACh 
in the mechanism of nerve activity. ACh is a quaternary ammonium 
salt. Such compounds are completely ionized and usually lipoid 
insoluble. Generally, they do not penetrate the lipoid membrane. 
Therefore, these compounds can be expected to have no effect on the 
axon, since axons are always surrounded by a lipoid membrane, even 
though it may be rather thin. 



Figure 5. Efteci of esenne on single fiber action potential (giant axon of squid) 

Left: e-erme 0.002M, records (from top to bottom) ^ O', W, 25' (conduct 
sea water at 28'. Conduction distance less for last record, too short to 
aShtT esenne O.OIM. records at O', 15', fiber then rinsed, a^ chemicallj. 

Upp^ scale applies to this experiment, lower to column at left, both 1000 c.p.s. 


The problem has been approached in a different way: If ACh is the 
depolarizing agent and if the function of cholinesterase is to remote 
the active ester, so that polarization again becomes possible after the 
passage of the impulse, then inhibition of the enzyme should alter, and, 
in sufiiciently high concentration, abolish, the nerve action potential.®® 
Eserine is known to be a strong inhibitor of cholinesterase. This 
compound is a tertiary amine and may, therefore, if undissociated, 
penetrate the lipoid membrane. Experiments carried out on the giant 
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axon and on the fin nerve ot squid have shown that eserine alters, and, 
in higher concentrations, abolishes, the nerve action potential. Within 
a few minutes in eserine, amplitude, length, and duration of the action 
potential recorded witii the cathode ray oscillograph are markedly 
changed, and in 20 to 25 minutes, the conductivity has been abolished 
(.FiGUEE 5). 'WTien the nen’es are put back into sea water, they 
quickly recover, and conductmty reappears. The reversibility of the 
effect is consistent with the fact that the inhibition of cholinesterase 
is easily reversible m vitro. 

Strj’chnine, another inhibitor of cholinesterase, was also found to 
alter, and, in higher concentrations, to abolish, the nerve action poten- 
tial reversibly. 



Figubb 6. E&eoi of probtigmme on single iibei action potential (giant axon). Records before 
and after 45' in O.OIM 

Thus, a new relationship has been establisheci between enzyme activ- 
ity and nerv^e action potential, in this case using the peripheral axon. 

Prostigmine has, in vitro, the same effect as eserine, but it has no 
effect on the nerve action potential (figures 6 and 7) . Prostigmine 
is like ACh, a quaternary ammonium salt, and it cannot penetrate the 
lipoid membrane. This has been demonstrated by the following ex- 
periment. The axoplasm of the nerves kept in eserine was extruded, 
and the presence of the compound was tested by the inhibitory effect 
on a purified cholinesterase solution. Even in thousand-fold dilution, 
the axoplasm from a portion of a single axon showed, by the inhibition 
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of esterase, easily detectable quantities of eserine. The axoplasm of 
nerves kept in prostigmine had no inhibitory effect on cholinesterase, 
qven when undiluted. 

Prostigmine, like ACh, has 3 methyl groups attached to the nitrogen. 
Drs. Bronk and Acheson have offered evidence that tetraethylammo- 
nium chloride acts on medullated nerve and, therefore, presumably en- 
ters it. This compound is also a quaternary ammonium salt and com- 



Figdbb 7 . Effect of prostignune on fin nerve Records before and after 83', 205', and 870' in 
0 OIM Traced from enlarged photographs 

pletely dissociated. Although it is true that ionized compounds are 
not readily soluble in lipoids, the properties which decide lipoid solu- 
bility are far from well established. Frequently, when, in a com- 
pound, the ratio of C over N is increased, it becomes more lipoid 
soluble. In tetraethylammonium chloride, there is four times as 
much carbon as in tetramethylammonium chloride. The change from 
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methyl to ethyl affects profoundly the physico-chemical properties 
of a molecule. The difference between methyl and ethyl alcohol is 
well known, and need not be discussed here. 

Nearly half a century ago, Michaelis showed that, if, m a certain dye, 
the ethyl groups were substituted by methyl groups, no staining in- 
side the Ihnng cell could be obtained.®’' Since these groups are not 
part of the molecule which has the staining properties, the loss of 
staining power may be due to the impossibility of penetrating the cell, 
due to the substitution performed. It appears not surprising that a 
compound with 4 ethyl groups becomes lipoid soluble, in spite of nearly 
complete dissociation. 

The inability to penetrate the lipoid membrane may explain why 
ACh and prostigmine, applied externally, act only on nerve endings 
which do not have a myelin sheath, but are inactive when applied to 
the axon. Only in electric tissue may the power of ACh to produce 
an action potential be demonstrated. Injection of ACh leads to 
changes in potential of the same direction as those observed during 
the discharge.®® Electric tissue, however, is an accumulation of end- 
plates which, in contrast to the axons, are not protected by myeline 
and, therefore, do react. This may also be the explanation for the 
famous observation of Claude Bernard on the effect of curare, since, 
according to recent observations, the active principle of curare is a 
quaternary ammonium salt.®** 

The peculiar ability of the synapse to react to injected ACh can no 
longer be referred to a difference in the fundamental physico-chemical 
process imderlying the propagation of the nerve impulse, but to the 
difference in histological structure. 

Effect of Di-Isopropyl Bluorophosphate (DFP)* 

Recently, a new inhibitor of cholinesterase, di-isopropyl fluoro- 
phosphate (DFP), became known, which can inhibit cholinesterase 
irreversibly. Tested on the fin nerve of squid, the compound has the 
same effect on the action potential as was observ'ed wilh eserine, and 
at about the same concentration." When the nerv'e is kept in a solu- 
tion of 2 mgs. of DFP per cc., the action potential is completely abol- 
ished in about 30 minutes. I^en the nerv'e is put back into sea water, 
the action potential comes back (figtieb 8). These experiments sug- 
gested that, for relatively short periods and at low temperature, around 
20° C., the inactivation of cholinesterase by DFP may be partly re- 

* Most of the observations reported in this paragraph were carried out after the conference, but, 
bince the effect of fluoropho^hate on the action potential and its mechanism played an important 
role then, it appeared desirable to mclude these data m paper. 
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versible. The cholinesterase activity in squid nerves, under the ex- 
perimental conditions used, could not be determined, since the season 
was too advanced, and no squids were available. Experiments vere 
therefore carried out with the abdominal nerve cord of the lob- 
ster. This nerve preparation has a hi^ cholinesterase acti\’ity and 
relatively satisfactory action potentials. The potentials recorded were 
exclusively those of the ^ant axons of the cord. The transmission 
across the synapses in the ganglia does not, therefore, enter into the 
picture. 


-t' 


~\r 

■* * ^ * 

FTCUar 8. Effect of DFP on the action potential of the fin ner\e of 
DFP 0 013M. First two records (from top to bottom): before, and after, 35' m DFP. The last 
two recoids: recoveiy after 60' and 215' m i>e& water. 

When the nerve is immersed in a solution of 2 mgs. of DFP per cc., 
the action potential disappears within about 30 to 40 minutes, as in 
the case of squid nen'e. If the nerve preparation is put back into sea 
water, the action potential reappears after some time. Nerv'es kept in 
DFP for additional periods after the abolition of the action potential 
show less complete recovery. Exposure of the nerve to DFP, for 90 
minutes after the disappearance of the action potential, abolishes the 
response irreversibly. 

Determinations of cholinesterase in these nerves reveal a striking 
parallelism between the recovery of the action potential and the re- 
appearance of cholinesterase (fiodeb 9). The less complete the re- 
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Figlrb 9. Beversibilily of action potential and reappearance of cholinesterase m nerves ex- 
posed for vaxTins periods of time to DFP, 0 018M. 


The nerve v^ose action potentials are sliov'n m Ooliunn 1 was transferred to sea water imme- 
^tdy after the action potential was abolished, and washed for one hour The nerves of CJolumn 
2 to 4 were k^t m DFP for 3(K, 60', and 90', after the action potential had disappeared, and then 
washed ^ sea water. The top Ime of each column shows the action potential m the untreated 
Mrves. The second Ime shows the abolition of the response by DFP The third Ime shows the 
degTM of recov^ after waging ^e nen^ The reappearance of cholmesterase activity is shown 
m the \ertical bars of the fourth Ime. The COa output is 233, 129, 88 5, and 60 ^rnm per 100 
mgs per hour 


covery of the action potential, the smaller is the amount of cholin- 
esterase activity. Even after complete and irreversible abolition of 
the action potential, a small amount of enzyme activity may still be 
detected. The experiments indicate that cholinesterase inhibition by 
DFP of cold-blooded animals is partly reversible, for a certain period 
of time. 

This has been confirmed by observations on in vitro inhibition of 
cholinesterase solution. DFP was added, in two different concentra- 
tions, 0.1 and 0.5 /Ag. per cc., to cholinesterase solution prepared from 
electric tissue. At the low concentration of DFP, the enzyme solution 
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liberated 520 cmm. CO 2 , instead of 790 cmm. CO 2 per hour without 
DFP. The activity decreased slowly, over a period of hours. In 
the solution exposed to ihe stronger concentration of DFP, the activity 
was only 25 per cent and was nearly completely abolished after 30 
minutes. If, after varying periods of exposure of the enzyme solution 
to DFP in greater concentration, the solution was diluted, part of the 
activity could be retained for a period of two to three hours (fiqtjbb 
10) . These experiments give additional evidence that the irreversible 
inhibition of cholinesterase by DFP is a slow process at low tem- 
perature. 



Fxqusb 10. Reversibility of cholinesterase inhibition by DFP in vitro , tested by dilution 
effect, t = 0* C 

The cholinesterase solution u«?ed hberates 790 cmm COj pei hour. 

+ h Activity found m prebcnce of 0 1 ittg of DFP pei cc 

O — O Activity found in presence of 0 5 yug of DFP per cc . . ^ 

• — • Activitv found after exposure to 0 5 /ig of DFP per cc , for vary 11 ^ pemods of time, 
and subsequent dilution to 0 1 jug per cc The pari with the dotted Imes mdicatee 
the rev ersibility as a function of time 


Dr. Gilman presented observations on bullfrogs, in which it was 
found that, following injection of DFP, the action potential of the 
sciatic nerve may persist in the apparent absence of cholinesterase. 
The bullfrog sciatic nerve contains extremely small amounts of cholin- 
esterase. 100 mgs. of nerve (wet weight) liberate 40-50 cmm. CO 2 
per hour. Observ’^ations on lobster nerve indicate that the enzyme is 
present in about five times excess, since about 80 per cent may be re- 
moved while the action potential is unaffected. Even if, in the bull- 
frog sciatic nerve, the excess of enzyme is smaller when part of the 
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activity disappears, the measurement of the CO 2 liberation falls into 
a range where precise evaluation becomes diflScult. Moreover, in such 
a preparation, the retention of CO 2 by the protein becomes an impor- 
tant factor. Finally, even in the thin lipoid membrane of the lobster 
nerv’e after prolonged washing, sufficient excess of DFP is retained 
to inhibit 20—40 per cent of the remaining esterase activity. At 
least this amount, if not more, may be retained in the relatively greater 
amount of myelin and fat in the bullfrog sciatic nerve. When this 
nerve is then ground, the retained DFP may come in contact with the 
cholinesterase and destroy a considerable fraction of the enzyme still 
present in the intact nerve. 


DISCUSSION 

It may be of interest to discuss the neuro-humoral theory in the light 
of recent developments, and to analyze the two basic experiments which 
form the main support for the hypothesis that the ester is actually 
liberated at the nerve ending and, having crossed the synapse or motor 
end-plates, acts directly on the second neuron or on the muscle fiber. 
The two observations are: (IJ The stimulating action of ACh when 
applied to synaptic regions; (2) the appearance of the ester in the 
perfusion fluid, following nerve stimulation. It has just been explained 
why the effect of ACh applied externally is limited to the nerve ending. 
In any case, a stimulating effect is not necessarily a physiological effect, 
but may well be a pharmacological one. The same action may, indeed, 
be produced by other compounds. The observation of Otto Loewi that 
a compound appears in the perfusion fluid, following nerve stimulation, 
was important because it suggested that the compound may be con- 
nected with nerve acti^dty. The importance of this observation need 
not be minimized because a quarter of a century later the original in- 
terpretation has to be changed. In fact, by the new development, the 
role of ACh became more general and more important than could orig- 
inally have been anticipated. The appearance of a compound in the per- 
fusion fluid, however, is not sufficient e\idence for concluding that the 
compound acts outside the cell, ilany compounds of intermediate 
cell metabolism may appear outside the cell. This is due to the fact 
that all enzymatic reactions follow a logarithmic curve. Therefore, 
if even the greatest part of a compound is rapidly metabolized by the 
intracellular enzymes, a small fraction may persist long enough to 
escape enzymatic action and leak out from the cell. This, apparently, 
may happen also to ACh, in spite of the high concentration of cholin- 
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esterase inside the cell, particularly when some kind of damage of the 
surface membrane is produced, as may be expected in the case of pro- 
longed perfusion or in other unphysiological conditions affecting either 
the membrane permeability or the cholinesterase activity. 

In order to verify the assumption that the amount of ACh actually 
released from the nerve ending is sufiSciently high to produce a stim- 
ulating effect on the second unit. Dale and his associates attempted 
two sets of experiments. They determined the m ini m um required to 
produce a stimulus and compared it to the amounts released. How- 
ever, in both cases tested, a puzzling discrepancy was found: In the 
case of the, superior cervical ganglion, onlj' 1 ‘'40,000 of the amount of 
ACh necessary to produce a single response appeared in the perfusion 
fluid per impulse. In the case of the muscle, only 1, 100,000 of the 
amount of ACh necessary to produce a single twitch was collected. 
This difference is so considerable that the observations cannot be con- 
sidered as evidence for the idea that ACh is the direct transmitter of 
the impulse, especially in \'iew of all the other obstacles. 

The situation is further complicated by the fact that these infinitely 
small amounts of ACh can only be found in presence of eserine which 
should inhibit their destruction. The enzyme located at the neuro- 
nal surface forms a barrier for the crossing of the ester. Even 
without regarding the existing discrepancy, it is very difScult to believe 
that, under physiological conditions, that is, in the absence of eserine, 
the small amounts of ACh released can cross the barrier and still arrive 
in sufficient concentrations for producing a response. The small 
amounts found under these conditions are easily explained if we as- 
sume that ACh is released inside the cell, and that the amounts which 
appear in the perfusion fluid are those which have escaped hydrolysis 
and have been preserved, due to the presence of eserine. 

Another question on which some comments may be useful, is that of 
the difference between the rates of ACh formation and hydrolysis. 
There are two instances in which these two rates may be compared 
on the basis of experimentally established data: The guinea pig brain 
and the rabbit sciatic nerve. In the first case, about 200 to 250 jog. 
of ACh may be formed, whereas about 70 mp. may be split per gi-am 
per hour. The rate of cholinesterase acthity is, thus, about 300 to 
350 times higher than that of choline acetylase. In rabbit sciatic 
nerve, the figures are about 100 /ig. per gram per hour and 15-20 mp. 
per pam per hour, i.e., the rate of hydrolysis is about 160-200 times 
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as high as that of synthesis. It is doubtful whether these figures in- 
dicate the real difference of the possible rates of the two enzymes. 
Cholinesterase is an extremely stable enzyme. Its activity is deter- 
mined in a well ground and homogenized suspension of the tissue. It 
appears probable that the maximal possible activity is actually meas- 
ured in vitro. This is almost certainly not the case with choline 
acetylase. The enz 3 nne is an extremely labile and a rather complex 
system which has to be extracted from the tissue. During the prepara- 
tion, part of the activity may have been lost. We do not know 
whether the conditions used at present are optimal or even close to 
optimal. Although the enzyme was discovered three years ago, the 
rates of formation obtained are still continuously increasing, since more 
and more factors are becoming known which activate the enz 3 rme 
(Nachmansohn and Berman, unpublished experiments). In such a 
case, it is possible and, in fact, probable, that the activity in vivo may 
be considerably higher than that observed in the solution. A sharp 
distinction has, moreover, to be made between the potential and the 
actual rate. Rates of enzj'mes measured in vitro are potential rates. 
The actual rates in the Imng cell may be entirely different. Many 
enzymes are present in excess in the cell. An excess of 3 to 6 times 
above the actual requirement is nothing unusual. A 5-fold excess of 
cholinesterase above that necessary for function has been recently 
obsen'ed in the case of lobster nerve (Bullock et al.") . Other enzymes 
are in much greater excess, whereas, in some cases, the excess activity 
appears to be relatively small. Nothing is known, at present, as to 
whether or not choline acetylase is present in excess. Even if this 
is the ease, it may be much smaller than that of cholinesterase. 

For an understanding of the problem, the decisive difference which 
has to be considered is not the difference of rates, but the difference of 
function. There is a fimdamental difference between the function of 
cholinesterase and that of choline acetylase. If the release of ACh 
is an essential event in the alterations of the membrane dming the 
passage of the impulse, then the active ester has to be destroyed within 
a millisecond or less, so that the resting condition may be restored. 
Therefore, the enzyme which removes the active ester, cholinesterase, 
has to be very active, but only during this brief period, and may then 
be inactive until the passage of the next impulse. The formation of 
ACh, on the other hand, need not be such a rapid process. It is gen- 
erally assumed that the active ester is released from an inactive form. 
This is supported by the fact that the primary energy released during 
recovery is used for the synthesis of ACh, thus implying that the syn- 
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thesis is a slow recovery process. It is, therefore, not diflBicult to as- 
sume that the period required for the formation is longer than that for 
the hydrolysis of the same amount, according to the kind of nerve, 
its condition, temperature, and so on. 

In the initial phase of nerve stimulation, the preformed ACh would 
act as a reserve and would make conducthdty independent of the rate 
of ACh formation for a considerable length of time. Even the few 
/ig. of ACh found per gram of nerve would be sufficient to make possible 
the passage of several thousand impulses. The actual amoimt of pre- 
formed ACh in the living cell may be higher than that found experi- 
mentally, since it is possible that, during the destruction of the cell, a 
process necessary for the determination, a considerable part of the 
preformed ester is destroyed. A nerve should, therefore, be able to 
respond to stimulation for a considerable length of time, independent 
of the rate of ACh formation. Only in cases of prolonged stimulation 
should the rate of formation become the limiting factor. If all pre- 
formed ACh has been exhausted, and stimuli are applied to mammalian 
ner^^e every five milliseconds, then the amount synthesized in the 
intervals between stimuli should be sufficient for producing the 
necessary alterations in the membrane when released by a stimulus, and 
should be equivalent to the amount actually destroyed, during the 
passage of the impulse, by cholinesterase. Since, in mammalian nerve, 
the duration of the spike is only 0.5 millisecond and the cholinesterase 
may have acted only during part of this period, e.g., 0.1 or 0.2 milli- 
seconds, a difference of 25 to 50 times between the actual rate of cholin- 
esterase and that of choline acetylase actmty would keep the nerve 
going indefinitely, if this were the only factor involved. 

In summary, considering the difference between the rates of cholin- 
esterase and choline acetylase, we have to keep in mind: fl ) that there 
is a fundamental difference of function; (2) that the cholinesterase 
activity determined is probably the maximum possible, whereas the 
choline acetylase activity found in vitro is almost certainly below the 
optimal rate in vivo: fS) that the excess of cholinesterase may be 
greater than that of choline acetylase. In view of this situation, the 
difference between the rates found does not offer any difficulty and, 
in fact, appears close to that which one would expect of these two 
enzymes so different in function and properties. 

As to the criticism of Dr. Gerard, who resolutely rejects the con- 
cept presented, some of his main objections may be discussed briefly, 
fll The high speed required for any chemical reaction associated with 
the transmission of the nerve impulse has been considered for a long 
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time, by many leading physiologists as the chief difficulty for any 
chemical theor>\ It is gratifying to see that the evidence accumu- 
lated during the last ten years for the high rate of cholinesterase activ- 
ity appears to be so impressive that Dr. Gerard now sees in this high 
speed one of the main difficulties. He calculates, for example, that 
the ACh preformed, plus that synthesized, could not possibly supply 
the ester as fast as cholinesterase can split it. 

Such an objection would only hold if the whole amount of cholin- 
esterase present were continuously and fully active. It appears likely, 
however, that, at any given moment, only part of the enzyme acts and 
only for extremely brief periods. The differences found between the 
rates of formation and removal of ACh appear, as pointed out before, 
to be well within the expected range. 

(2 ) Still more puzzling to Dr. Gerard is the fact that, at the motor 
end-plate, there is 15,000 times more cholinesterase than in the sur- 
rounding muscle fiber, since there is no evidence for a great store or 
synthesis of ACh at this junction. 

The difference between muscle fiber and end-plate is interesting, in 
view of the specialized localization. It is comparable to the distribution 
found in nerve between surface and axoplasm, which is infinite. In 
absolute amount*^, the ACh which can be metabolized per impulse per 
end-plate is 0.000002 fig. The formation of this amount does not re- 
quire a particularly powerful synthesizing system nor an intensive 
respiration. The energ;^" required for the synthesis, even assuming a 
hi^ frequency, would still amount to less than one per cent of the 
oxidative energy measured, a deviation which is far below the meas- 
urable range. 

(3) Dr. Gerard assumes that the heat production by the ACh re- 
leased would amount to 10 per cent of the total heat, whereas the 
initial heat is only about 3 per cent. 

The frog’s sciatic nerve is suitable for such a calculation, since here 
more experimental data are available than in other cases. According 
to von Muralt, 0.0006 fig, of ACh is released per gi’am per impulse.*® 
This would amount to about 6 X 10"® gram calories, which is 0.6 per 
cent of the total or 20 per cent of the initial heat. 

(4) Finally, many other agents and enzymes are present in neurons, 
like adrenaline, thiamin, adenosine triphosphate, CO 2 , and many others. 
Dr. Gerard asks how we can reasonably select ACh and assign to it 
alone an essential role in conduction of the nervous impulse. Un- 
doubtedly, there are other compounds and enzymes playing an essential 
role in nerve activity. The ACh cycle is evidence for that. But none 
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of these compounds shows the typical features of the ACh system, like 
the high speed, the exclusive localization in the surface, the parallelism 
with voltage, etc. These unique features of the ACh sj’stem make it 
possible to associate the ester more closely with the action potential 
than all other agents so far known. 

SUMMARY AND CONCLUSION 

In view of the complex nature of biological mechanisms, one or two 
facts, however well established and suggestive, would not be sufficient 
for any theorj’. However, if a great number of facts point in the same 
direction, then they support each other and potentiate the value of each 
of them. The essential facts established may be summarized: (1) 
The high concentration of cholinesterase in nerve tissue makes possible 
the removal of ACh at a speed comparable to that of the electric mani- 
festations. (2) Cholinesterase is localized everywhere at the neuronal 
surface where the bioelectrical phenomena occur. The exclusive local- 
ization in the surface contrasts strikingly with the localization of other 
enzsnnes. (3) Cholinesterase in nervous tissue (and in muscle) is 
distinctly different from all other tissue esterases occurring in the body. 
The enzyme, present in all types of nerves throughout the entire animal 
kingdom, shows similar properties. (4) A direct proportionality be- 
tween voltage and cholinesterase activity has been established in the 
electric organ of Electrophonis electricus. (6) The primary energy 
source of recovery after the passage of the impulse, namely, the energy- 
rich phosphate bonds of adenosine triphosphate, is used for ACh syn- 
thesis. (6) The formation of ACh by choline acetylase occurs at a 
high rate in the peripheral fibers, as well as in the brain. The enzyme 
has, so far, been found exclusively in nerve tissue. (7) Anticholin- 
esterases alter, and, in high concentrations, abolish, the nerve action 
potential. The abolition of the action potential is reversible, if the 
inhibition of cholinesterase is reversible; irreversible inhibition of 
cholinesterase abolishes the neiwe action potential irreversibly. 

These facts considered altogether make it highly probable that the 
release and removal of ACh is an intracellular event, directly associated 
with the nerve action potential. 

The precise function of the ester is still a matter of interpretation. 
On the basis of the physical and chemical data available, one possible 
interpretation appears to be that the ester plays an essential role in 
the breakdown of the membrane resistance, occurring during the pass- 
age of the impulse. New facts may change the situation. A number 



424 


ANNALS NEW YORK ACADEMY OF SCIENCES 


of questions still have to be answered before a satisfactory picture of 
the chemical mechanisms of nervous action can be obtained. 
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Fuix 2 

Changes of the moipholoncal structme of the electnc plates at different sec- 
tions of the electnc organ of EUctrophorm electncus 
The specimen used for this section was 114 cm long All sections are repro- 
duced with the same magnification (X 145) The numbers below each secuon 
mdicate the distance m cm from the antenor end of the organ H = head end 
r ~ caudal end 
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Plate 3 

Changes of the moiphological structure of the electric plates at different sec- 
tions of the electric organ of Electrophoms electricus^ 

The specimen u^d for this section was 57 cm. long (Xl46). The numbers 
bel£w each section indicate the distance in cm. from the anterior end of the organ. 
H - head end, C = caudal end. 
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AN ELECTRICAL HYPOTHESIS OF SYNAPTIC 
AND NEURO-MUSCULAR TRANSMISSION 

By J. C. Eccles 

Univetiiiy oj Otago, Dunedin, Sew Zealand 

1. PRESENT THEORETICAL POSITION 

This paper will be restricted to the synapses of ganglia and the spinal 
cord and to the neuro-museular junctions of skeletal muscle Ihence- 
forth, collectively referred to as synapses), because, physiolo^cally, 
they form a fairly homogeneous group. A preliminary report has al- 
ready been published.** There is now good e%-idence that the trans- 
mission of impulses, at all these S3mapses, is mediated by catelectrotonic 
potentials set up at the synaptic membrane of the post-synaptic cell — 
the end-plate potentials of skeletal muscle*®’ **’ **> **’ ®®’ ” and the 
synaptic potentials of ganglion cells**’ ** and motoneurones.*’ ®®’ *® We 
may, therefore, subdivide the problem of ssmaptio transmission into 
two Problems: (a) the mechanism whereby impulses in pre-synaptic 
nerve fibers set up catelectrotonic synaptic potentials in the post- 
synaptic cell; and (b) the initiation of impulses in the post-synaptic 
cell by these synaptic potentials. As is well known, the existing hy- 
potheses relating to Problem' (a) are chemical (acetylcholine), or elec- 
trical, or some combination thereof.*’ ’®’ ®® Problem (b) has, hitherto, 
been regarded as just a part of the general problem of impulse initiation 
by catelectrotonus. However, there is e^ddence of a unique mechanism 
in the case of the only ssmapse worked on in detail.*® 

There is some resemblance between these two stages of synaptic 
transmission and the two “boundary faces” postulated by Buchthal and 
Lindhard,®’ ® to explain the two stages of neuro-museular block pro- 
duced by curare and acetylcholine. 

In their existing form, both hypotheses relating to Problem ( a) are 
unsatisfactory: 

(i) Ori^nally, the acetylcholine hypothesis simply stated that a pre- 
synaptic impulse liberated at the synapse a sudden jet of acetylcholine, 
which excited the post-synaptic cell by acting on specific receptors;** 
thus set up the synaptic potential, according to present wws; and 
was quickly removed by the locally concentrated cholinesterase.®' **’ ** 
The usual failure to detect acetylcholine in venous blood collected from 
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eserinized, stimulated ganglia or muscle suggested the additional hy- 
pothesis that, normally, acetylcholine is removed by being rebuilt 
rapidly to a precursor and that cholinesterase merely acts as a barrier, 
to prevent diffusion of acetylcholine away from the synapse.^'* Further 
additions to this hypothesis were needed, in order to explain the effects 
of eserine and curarine on end-plate potentials/ It is unsatisfactory 
that the acetylcholine hypothesis has had to be reconciled with new 
experimental e^ddence, by thus making subsidiary ad hoc hypotheses, 
which have not been independently testable. The most recent develop- 
ment of the acetylcholine hypothesis®® is essentially a special type of 
the electrical hypothesis, for it postulates that electrical transmission 
across the synapse excites the post-synaptic liberation of acetylcholine, 
which, in turn, sets up the synaptic potential. 

< ii I IMost expressions of the electrical h^-pothesis of synaptic trans- 
mission have merely stated that the electrical currents of the pre- 
^jmaptic impulses set up impulses in the post-synaptic cell, much as one 
segment of a nerve excites the next.-®* ®-’ ®®» ®® The attempt at pre- 
cise formulation by Lapicque (the isochronism hypothesis) has had 
to be modified so much by the recognition of the significance of addi- 
tional factors (relative durations of the pre- and post-synaptic re- 
sponses,**® the rheobase of the post-synaptic cell®®), that it now states 
little more than the above vague formulation. Thus, the electrical 
hypothesis is unsatisfactory (indeed, virtually useless), because it is 
so vaguely expressed tliat it fails to give predictions that would be a 
fertile source of experimental tests. 

2, RECENT EXPERIMENTAL SUPPORT FOR AN 
ELECTRICAL HYPOTHES-IS 

The need for a more developed electrical hypothesis has now become 
urgent, because the following recent investigations have indicated that 
acetylcholine plays but a subsidiary role at ganglionic synapses, and a 
negligible role at spinal cord synapses. With muscle, too, there are 
indications that electrical transmission may play an important part. 

ii) A detailed study'*’ of the electrical responses of eserinized 
ganglia (normal and curarized) revealed an excitatory action, pro- 
longed for several seconds after repetitive stimulation and attributable 
to acetylcholine. However, this prolonged action was so weak that 
the summation of about 20 volleys in quick succession was needed to 
make it suflSciently strong to excite normal, fully eserinized ganglion 

* Of. Socles, J. 0., B. Katz, ft S. W. XiiilLer.»s 227-8 
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cells to discharge. The usual transmission mechanism was due to an 
excitatory action, unaffected by eserine and brief enough to be at- 
tributable to the action currents of the pre-ganglionic impulses.^®* 

(ii) A similar study of synaptic potentials of motoneurones excited 
through mono-synaptic reflex pathways of the spinal cord (frog, cat) 
has failed to detect even such a subsidiary role for acetylcholine trans- 
mission.^^ Furthermore, it has been found that synaptic transmission 
of the frog^s spinal cord is unaffected by prolonged soaking I several 
hours) in high concentrations of acetylcholine (up to 1 in 5,000). Still 
higher concentrations have an anesthetic action which, initially, is 
reversible. The isolated oxygenated cord (anesthetized or unanes- 
thetized) is soaked for 30 min. in a strong anti -cholinesterase (1 in 
50,000 eserine) , and then the acetylcholine is added to the solution.®^ 
These experiments would appear to falsify the hypothesis that acetyl- 
choline plays a major role in synaptic transmission in the spinal cord. 
However, too much emphasis should not be placed on these latter ex- 
periments, until they are repeated with prostigmine as an anti-cholin- 
esterase (cf. hi, below). 

(iii) Just as with sympathetic ganglia,^’* the responses of curarized, 
eserinized (or prostigminized) muscles to repetitive stimulation are 
sharply distinguishable into a prolonged end-plate potential which is 
attributable to acetylcholine, and an initial, very brief, end-plate 
potential, but little lengthened by anti-cholinesterases.^^» It seems 
probable that, as with ganglia, the small, apparent lengthening of the 
initial phase by anti-cholinesterases may be attributable to some ad- 
mixture of the prolonged acetylcholine phase, and that the initial phase 
may be excited by the action currents of pre-s^maptic impulses (cf. 
PART 8, ii) . Acetylcholine blocks neuro-muscular transmission,®’ ® pre- 
sumably by catelectrotonic blockage, but, despite a relatively high 
acetylcholine background (1 in 200,000), pre-synaptic volleys still set 
up large end-plate potentials, even larger than in curarized muscle.®® 
When performing these experiments by soaking frog's sartorii in acetyl- 
choline solutions, prostigmine is used as an anti-cholinesterase. Eser- 
ine is ineffective, probably because acetylcholine competes with it for 
the cholinesterase.®"* 

3, EXPERIMENTAL BASIS FOR ELECTRICAL HYPOTHESIS 

In recent years, important advances have been made in the investiga- 
tion of nerve and muscle fibers, and an electrical h 3 rpothesis of trans- 
mission must be based on the following evidence: 

* Cf. SodlM, J. O., B. Kats, A B. W. 225. 
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A. The Electrical Properties of the Surface Membranes and the 
Changes Produced by Catelectrotonus, Anelectrotonus, 

LfOcal Responses, and Propagated Impulses 

Quantitative measurements have been made of resistance, electro- 
motive force, capacity, and rectification. The great diminution of the 
two former during the excited phase of the impulse has been described 
for nerve and muscle, vei*tebrate and invertebrate.^* ^®* ^®* ^‘ * ®^* ^®* 
There is no good evidence that the large inductance of cephalopod 
nerve^-* i-t jg present in normal vertebrate nerve or muscle. The phe- 
nomenon of para-resonance is simply explained in terms of the two 
excitation constants of nerve."*" In contrast with cephalopod nerve, 
there is, in frog muscle, no appreciable lag between a sudden change 
in potential and the associated change in the resistance of the mem- 
brane.**' Such a lag in cephalopod nerve has been attributed to the 
large membrane inductance.^- On present e\ddence, vertebrate nerve 
and muscle may, therefore, be regarded as ha\dng a negligible induc- 
tance, and ina^’ be provisionally schematized, as in figure 1. 



B. Local Responses 

All grades of active local responses, short of propagated, all-or- 
nothing impulses, have been shovm to exist in nerve and muscle,®* ^®* 
44, 46, 47. 52, 70. 79 cxplalned as due to the limited area ex- 

cited'^ and or to the low intensity of the excitation.^® In refractory, 
anesthetized, or deteriorated nerve or muscle, these local responses may 
be very large.^®* *"* It appears probable that active local re- 

sponses differ from passive electrotonic changes (including rectifica- 
tion), just as with the propagated impulse, in that they are caused by a 
temporary diminution, extinction, or even reversal, of the membrane 
battery,®' 


Zats, 28. 
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C. Reactions of Ephapses (Artificial Synapses) 

The double axon preparations^* are particularly relevant to 
electrical action across synapses. Since there has been excellent corre- 
lation between the effects predicted by the “local current” theory of 
nerve conduction and the effects observed, it may be concluded that 
these effects are caused by electrical current flow across the ephapse. 
48, 49, 64 According to the geometry of the ephaptic contact, three main 
types of effect are exerted on the resting fiber by an impulse in the ac- 
tive fiber 

(i) At regions where fibers are contiguous for some distance on 
either side — for maximum effect, at least half a wave length. Here 
the currents generated by the impulse have, in turn, anodal, cathodal, 
and anodal action on the resting fiber.^®* Figuee 2 shows that the 



Figttrb 2. Diagram of tuo contiguous fibers, shoeing the current flow generated bv impulse m 
active lower fiber and its penetration of the resting fiber (cf Katz & Sdunitt, figubb 2^) As the 
impulse (shown above) propagates along the active fiber, any pomt on the resting fiber is sub- 
jected, m turn, to effects AiCiCsAs. Actiie part of impulse shonn by hatched area in this and 
subsequent figures. 

cathodal phase is really double, being due to currents generated by the 
membrane battery of the active fiber, at first ahead fCi), and then in 
the wake, of the impulse (C 2 ). Thus, the sequence of action is 
AiCiC 2 A 2 , as the impulse sweeps past a point on the resting fiber. As 
Katz and Schmitt pointed out, the current penetrating and acting on 
the resting fiber is virtually a mirror image of the penetrating current 
of the active fiber, and hence, has an intensity-time course correspond- 
ing to the second derivative of the monophasic action potential, with 
respect to the time coordinate (d*P/dt^). Since the curvature of the 
wave front of the impulse is at least twice as sharp as that of its wake, 
Ai and Ci will be at least twice as large as C 2 and Ag, but the latter 
will be correspondingly longer in duration.* 

• Cf. * O. S. 8c2unitt.«> FuraissfiAj anil 6. Curve 1. 
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(ii) At regions where the resting fiber is not affected by the approach 
of the impulse, but only by its immediate juxtaposition and its propaga- 
tion. As shown in figx.’ee 3a. this occurs when the impulse propagates 
from an electrically insulated region of the active fiber to a region 
where it is in contiguity with the resting fiber. Effects Ai and C 2 are 
prevented by the insulation, the interaction being due to effects Ci and 




FioLRL 3a Diagrim shoumg cm lent at junctional zone of two pleMou^l^ separated fibeijs 

U) Impul'-e at lunctioi gnes Oi effect on testing fiber, (u) aftei fuither piopagation, wake of 
impul«e gu€4> \z eitect 



FmoE 3b Penetrating current generated unpul&e arising m one fiber ( 1 ) Cx effect, as im- 
pulse IS initiated; (u) effect, in wake of impulse, propagating m both directions ftom site of 
ongm 
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(ii) 
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FiGtBE 3c Two fibers connected by double salt bridge (. 1 ) Impulse opponte pro\iinal arm, 
(u) ixiipul>e opposite distal arm showing CiAj action on nsting fiber at piovunal arm and A 1 C 4 
lotion at distal arm 

A 2 * A similar effect w'ould also be produced at a region in a passive 
fiber adjacent to the origin of the impulse in the active fiber (pigube 
3b) , and at the proximal arm of a double salt bridge (figtjbe 3 c) .*'* 

(iii ) At regions where the resting fiber is influenced by the approach 
and juxtaposition of an impulse, but not by its propagation. Figuhb 4 


• Cf. AcvaaltdS, a.> Fracu4in;]Caxn»si,A.8,aB.£o»Mit«a«ir6.« Fiqqbb3 
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(also FIGURE 3 c, for distal arm of double salt bridge) shows that this 
occurs under the converse conditions to those above, and that effects 



FiGLRB 4a Comer&e diagram to figlbe 3a, bhovtmg current flou at zone of separation of 
preMOusly contiguous fibers Ci) Impulse appio'ichiog bifurcation £i\eb Ai effect, (u) impulse at 
lufurcation gi\es Cs effect. 


(i) (ii) 



Figthb 4b (i) Tiro mipul«*eis approaching a collision give Ai effect on jesting fiber, and 
at collision of impulses, Cs effect on restmg fiber 


Cl and A2 are prevented, the action being due to effects Ai and C2.* 
At sjmaptic regions, a similar electrical action would be exerted by the 
pre-s3maptic impulse on the post-synaptic membrane (cf. figure 5 ), 
since the surroundmg conducting medium provides a pathway for cur- 
rents generated by the approaching impulse. There is, of course, no 
departing impulse (boutons de passage excepted). In this connection, 
Arvanitaki's results^ are of especial interest, for it was only in ephaptic 
situations giving A1C2 effects that she observed appreciable local re- 
sponses of the resting fiber She concluded that, in all other condi- 
tions, the teiminal Ao effect suppressed any active response of the rest- 
ing fiber. 

The approximate time-course of the penetrating current at a synapse 
may be derived from the monophasic spike potential at the pre-synaptic 
terminal, by considering the fiow of current, much as Katz and SchmiW® 
did for two parallel fibers. The longitudinal current flowing in the 
external circuit is proportional to the first derivative of the monophasic 
potential, dP/dt. Immediately proximal to the end of the pre-synaptic 
fiber, all the longitudinal current is provided by the current penetrating 
the terminal end. Hence, this penetrating current is also proportional to 
dP/dt,t and not to dT/dt®, as occui^ along the length of the fiber. A 

* Cf. AxvaaltalcL A.^ Ftgubb 4 II. 

t Cf. MsiamiSrjL B. £orait« d« 89. 
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similai time-course may be assumed for the current penetrating the 
closely adjacent post-synaptic membrane (see figuee 6). The first 
derivative of the monophasic potential gives, of course, the expected 
diphasic effect, A 1 C 2 . 

Thus, it may be concluded that, so far as they go, ephaptic invesU- 
gations lend support to the hj'pothesis that an excitatory action would 
be exerted bj' impulses terminating at ssmapses. However, with 
ephapses, this excitatory action is normally too weak to initiate im- 
pulses in the resting fiber. For example, Katz and Schmitt^* find that 
the maximum C effect is never as much as 209{> of threshold, and 
Ar\’anitald' has to sensitize the resting fiber by decalcification, in 
order to increase the local response sufficiently for impulse initiation.* 



(b) 

Fiothb 5. Diagrams of curren'c flow at a schematic ajTiapse with pre-synaptic impose ap- 
proaching s>*napse m (a), and at sjmapse in (b). Jfote reversal of current flow, the fo^ Ai 
effect bemg ‘followed by the focal Cs effect at the synaptic region of the post-synaptic membrane. 


The Hering effect, ephaptic transmission adjacent to killed or injured 
re^ons,*®- "• may also be explained as due to AjC* stimulation of 
fibers rendered sensitive by the catelectrotonus** prevailing close to the 
injured region. Tests of excitability changes, 4 mm. from the killed 


* Of. Arwaitald, Fxgubb 5. 
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end, showed a terminal A 2 effect,®* but, presumably, this would dis- 
appear, closer to the killed end. The ephaptic experiments, in general, 
show that special conditions must prevail at synaptic contacts, if elec- 
trical excitation is to be adequate for synaptic transmission (cf. part 8j . 

D. Special Properties of the S 3 maptic Region 

So far, such investigation has been restricted to the isolated neuro- 
muscular junction. When electrical recording is effectively localized 
to the end-plate region of the muscle, it has been shown that the end- 
plate potential set up by a nerve impulse rises smoothly to the full 
height of the spike potential,^® without showing the sudden inflection 
characteristic of impulse initiation.*®' The impulse appears to 
be initiated, a little later, by an adjacent region of the membrane, 
when it reaches a critical intensity of catelectrotonus. Progressive 
curarization progressively diminishes the end-plate potential; the im- 
pulse initiation occurs adjacently, after the longer delay ensuing before 
the lower end-plate potential builds up the critical catelectrotonus ; and 
eventually, transmission fails. It may, therefore, be assumed that the 
end-plate region of the muscle is specialized to give “local responses^' 
of high and graduated intensities, without the sudden incursion of the 
all-or-nothing “breakdown” of resistance and battery that occurs with 
impulse initiation.®® This evidence of unique electrical properties 
of the end-plate is relatable to its well-known, unique, pharmacological 
properties,®®’ ®*’ ®® In the isolated preparation, Kuffler®® has failed to 
detect the large resting potential (positive or negative) between the 
surface of the end-plate and that of the muscle fiber that has been 
described by Buchthal and Lindhard.® 

4. INITIAL ASSUMPTIONS OF HYPOTHESIS 

The following three initial assumptions of the electrical hypothesis 
are based on the evidence of the preceding four sections, together with 
the conventional histological picture (they form, as it were, a model 
of a synapse whose functional operation will be discussed in past 5) : 

A. That the geometrical situation at the synapse may be schematic- 
ally represented by the pre-synaptic fiber ending as a cylindrical mem- 
brane, with a closed end in close apposition to the large plane surface 
membrane of the post-synaptic cell, as is shown in section in figijhe 5. 
Histologists are now fairly generally agreed that a transverse mem- 
brane exists at the synapse,^® and there is also electrical evidence* of a 


* StoclM, J. O^: 352. 
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highly resistant transverse membrane. This evidence for ganglionic 
synapses also obtains for neuro-muscular junctions. 

B. That, in general, the surface membranes of figtjee 5 have the 
electrical properties demonstrated for peripheral nerve and muscle 
membranes: resistance, electromotive force, capacity, and rectification, 
as shown in FiGtrEE 1. There are no direct observations on nerve cells, 
but they resemble nerve fibers in their electrical excitability and in 
the propagation of impulses from a nerve cell to its axon,*®- ®® and 
\ice versa.*®’ ®®’ ®®’ '* It may also be assumed that both the exterior 
and the interior of the cells are good conducting media, and that the 
resting potential of the post-synaptic membrane is identical with that 
for the remainder of the post-synaptic cell.’® 

C. That the synaptic region of the post-synaptic cell has unique 
electrical properties, in that cathodal polarization (lowering of resting 
charge) sets up a graduated “local response,” with a temporarily ir- 
reversible and large diminution of electromotive force and resistance, 
but not the all-or-nothing membrane “breakdown” characteristic of the 
propagated impulse icf. PitEX 3, B and D). Direct evidence is only 
available for the end-plate region,®® but the assumption is extended to 
the sjTiaptic regions of nerve cells. 

5. DEVELOPMENT OF HYPOTHESIS ON THE BASIS 
OF THIS MODEL 

It appears that, assuming A and B, we have to expect that the cur- 
rent generated by an impulse propagating up to the terminal of the pre- 
synaptic fiber will, in part, penetrate the post-synaptic cell and give 
a diphasic action (cf. paht 3, C, iii) . Firstly, there will be an anodal 
focus, Aj, at the synaptic region, with a cathodal surround (piqubes 
5a and 6a). Then, when the active region of the impulse reaches the 
terminal, current fiow will reverse, giving a cathodal focus, C 2 , with an 
anodal surround (pigxjses 5b and 6bj. The penetrating current will 
be limited by polarization of the membrane and, in the initial phase, 
by the increasing resistance of the localized anode (rectification effect) . 
On account of its much larger area, tlie membrane resistance (and pene- 
trating cmrent density) at the cathodal surround will be so much lower 
that its simultaneous diminution by the rectification effect will be 
relatively insignificant in tending to increase the fiow of penetrating 
current. However, in the second phase, the situation is reversed, be- 
cause, on account of the high ctirrent density, the lowering of the initi- 
ally high resistance at the localized cathode will have a preponderant 
effect in increasing the fiow of current. Hence, due to rectification, the 
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over-all resistance offered to the penetrating current will be much lower 
in the second phase than in the first, the current being, as it were, 
canalized through the localized low* resistance at the cathodal focus. 
It should be noted that, in this way, rectification will diminish, at the 
synapse, the depressing action of the relatively high intensity Ai, and 
then increase the stimulating action of the relatively low intensity C 2 
icf. FiGUBE 7bl. The effectiveness of this discriminative action of 
rectification is illustrated for bipolar stimulation, by Cole.* It should 
be even more effective for the unipolar type of stimulation that occurs 
at the synapse. It is evident that, if the membrane had a high induct- 
ance in series with R (figure 1), the brief penetrating currents would 
be much less intense, and the rectification correspondingly less effective. 

The polarization of the membrane, in the first and second stages, is 
shown diagrammatically in figures 6a and 6b. Note the wider spread 
of anelectrotonus, Ai, than Co, and the reversal of potential gradients 
along the inner side of the membrane, corresponding to the reversal of 
the “core currents” (cf. figures 6a and 6b I . Note, also, that, at the 
dotted lines separating the anelectrotonic and catelectrotonic areas, the 
curves of the inner and outer membrane potentials are inflected, as 
would be expected for zero density of penetrating current. The catelec- 
trotonic focus shown in figure 6b wdll not immediately develop the 
pre-synaptic current flow reverses. The anodal polarization in figure 
6a takes some time to be removed by the local current flow, as well as 
by the reversed penetrating currents, and further time is needed to 
charge the membrane condensers to the fully-developed cathodal focus 
in figure 6b fcf. figure 7b) . If, at this latter stage, the external elec- 
tric field, applied by the impulse in the pre-synaptic terminal, were sud- 
denly removed, the membrane would immediately revert to the poten- 
tial distribution of figure 6c (assuming that the internal and external 
media have equal longitudinal resistances; i.e., that ri and ro of figure 
1 are equal) . If no local response is set up, i.e., if the membrane ex- 
hibits only its electrotonic properties, local current flow would quickly 
cause the anodal surround to discharge into, and repolarize, the 
cathodal focus, and the membrane would quickly revert to the normal, 
uniformly charged, condition. Thus, under such circumstances, with 
the usual disposition of electrodes for recording responses at the 
synaptic region (one close to the synapse and one distally on the post- 
synaptic cell) , there would be recorded merely a brief diphasic poten- 
tial, attributable to currents generated by the pre-synaptic impulse and 
but little modified by the passive properties of the post-synaptic cell. 


• Cole« X. S-« Figubs 3. 



440 


AXS’ALS XEW YORK ACADEMY OF SCIENCES 





(c) 



Figubb fl Graphs of spatial distnbution of potentials on the outer and inner sides of post- 
synaptic xnembrEuoi^ the onaptic region being m center, le, potentials are ordinates and dis- 
tances abscissae. The referrace potential is gi\en bv a distal r^ion of the membrane, the outer 
side being shoan above the inner. The normal restmg condition is shown by the broken lines 
separated by the restmg potential (a) Imtial Ai focus at svnapse with low mtensily cathodal sur- 
round. (b) Reversed phase with Cs svnaptic focus and ancdal sunound (cf figubb 5b). (o) 
Membrane potentials, when external fidd generated by pre-svnaptic impulse is r^noved, the 
spatial distnbution of the potentials across the membrane bemg identical with those of (b). 
fd) Potentials after gen«ntion of local response at synapse, with the catelectrotonus (the synap- 
tic potential) bpreading thence over the post-svnaptic membrane Hatched aiea shows speciali^ 
svnaptic zone of membiane Impulse mitiaxion occuis outside this zone, for example at the arrow. 


There would be no synaptic potential, with its characteristic long 
duration. 

The additional assunaption (part 4, C) is necessary, in order to ex- 
plain the origin of the synaptic potential. It postulates that, when 
above a critical intensity, the cathodal focus evokes at the synaptic 
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region of the post-synaptic cell an intense “local response,” which runs 
through a cycle of increasing and decreasing intensity, much as does 
the spike of a propagating impulse.*®’ “■ This local response, 

thus, would outlast the second phase of the penetrating current-flow, 
and provide a relatively enduring focus, of very low polarization (pre- 
sumably due to diminution or extinction of the membrane battery) and 
resistance, through which adjacent regions of the post-synaptic mem- 
brane proceed to discharge. Such a local response is actually ob- 
served at an ephapse giving AiC. interaction.^ Figukb 6d shows the 
internal and external potentials of a fully-developed local response at 
the end-plate, region, where Kuffler®® finds the potential as high as the 
spike potential. It is shown as zero transverse membrane potential, 
since it is not known if reversal of potential occurs with the muscle 
spike. Also, in figtjbb 6d, the anodal surroimd (of hguhe 6c) has 
given place to a catelectrotonic surround of diminished polarization, 
which spreads spatially, according to “core conductor” theory. With 
muscle, it appears that the all-or-nothing spike arises when the mem- 
brane adjacent to the end-plate is critically depolarized,*® e.g., at the 
arrow (piGtrsE 6d). The synapses of ganglion cells and of moto- 
neurones of the spinal cord have also been observed to generate such 
catelectrotonic potentials (synaptic potentials) , spreading spatially, ac- 
cording to core conductor theory.®* ®®’ ®* It has further been shown 
that, as with the end-plate potential,®** ” these potentials have a time- 
course, which may be interpreted as due to a brief, active polarization 
and a passive exponential decay governed by the electric time con- 
stant (the product CR, in figube 1) of the membrane.®®* ®® In the 
present hypothesis, the active depolarizing action is provided by the 
local response of the synaptic region of the post-synaptic cell, not 
directly by the currents generated by the pre-synaptic impulse, as has 
hitherto been assumed in hypotheses of electrical transmission.®®* *** 
n, T8 There have, however, been suggestions of a possible involvement 
of a local response.* 

The recent hypothesis of Nachmansohn*® is relevant to assumption 
C, for it would postulate that the local response is due to the action of 
acetylcholine liberated by the post-synaptic membrane at a critical in- 
tensity of catelectrotonus (i.e., at X in figuee 7 c ) . Such an assump- 
tion is readily assimilable to the present electrical hypothesis, but its 
general application to nerve impulse transmission would seem to be 
falsified by Lorente de Nd’s finding*® that this transmission is unaf- 
fected by hi^ concentrations of acetylcholine. 

• BcoUsv J. 0-“: 369; Boxmit* de B6, B.*®: 449; Arvaaiitaki, 103. 
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The further problem ol synaptic ti‘ansmission concerns the initia- 
tion of propagated impulses by the catelectrotonic synaptic potential 
(see PART 1, Problem (bj ). The observations of Kuffler^^' on the iso- 
lated neuro-muscular junction indicate that the initiation of the im- 
pulse occurs in the muscle membrane adjacent to the end-plate region 
( cf. FIGURE 6d I . No such intimate observations have been made for 
synapses in ganglia and the spinal cord, but it may be assumed that 
the catelectrotonic potentials from diverse synaptic regions sum 
by electrotonic spread. So far, only the over-all, summed potential 
has been observed after electrotonio spread along the axon (the so- 
called synaptic potential.®* In setting up the discharge of 

impulses, this synaptic potential appears to act just as a catelectro- 
tonus, the discharge occurring at a critical degree of depolarization. 
The synaptic potential provides a satisfactory explanation of all the 
phenomena hitherto attributed to the central excitatoiy state.®* 

The ‘‘detonator response’’®®* need no longer be considered as a sepa- 
rate entity, for that hypothesis was based on experiments now explic- 
able, in part, by the flow of penetrating current, as in figure 5, and, in 
part, by the postulated local response of the post-synaptic mem- 
brane.®^* ®®* 

Thus, the sequence of events in synaptic transmission is envisaged 
as: 

(1) Impulse in pre-synaptic nerve fiber generates a current which 
gives a diphasic effect at the synaptic region of the post-synaptic cell, 
with a total duration of probably not more than 1 msec, in mammalian 
muscle and the spinal cord; initial anodal focus, with cathodal sur- 
round; more intense cathodal focus, with anodal surround. 

(2) This cathodal focus sets up a brief and intense local response at 
the synaptic region. 

(3) From this local response, a catelectrotonus spreads decrementally 
over the post-synaptic cell membrane. 

14) A propagated impulse is set up in the post-synaptic cell, if this 
catelectrotonus is above a critical value. If it is below, then, as the 
local response subsides, the catelectrotonic surround decays passively. 

6. APPLICATIONS OF THE HYPOTHESIS 

The hypothesis offers an explanation of the following observations 
on synaptic transmission: 

A. Irreversibility of Synaptic Transmission 

This may be explained in the following three ways: (i) An impulse, 
artificially set up in the post -synaptic cell and fired antidromically at 
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the synapse, would, in general, propagate past the synapse and so exert 
on the pre-synaptic nerve terminals the full sequence of A 1 C 1 C 2 A 2 , the 
terminal A 2 cutting short any excitation of the pre-synaptic terminal 
by CiC 2 ;^ (ii) the asymmetry of the pre- and post-synaptic elements, 
both as regards relative size and convergence relationship;^ (iii) the 
pre-synaptic terminal may not have the special excitatory properties 
postulated for the synaptic region of the post-synaptic cell (assumption 
C). Of these, (i) is susceptible to test with the neuro-muscular junc- 
tion. Antidromic transmission across synapses has been observed only 
under the special conditions provided by the prolonged end-plate nega- 
tivity set up by nerve impulses in eserinized muscle.^^ There, the nerve 
terminal would be sensitized by the currents generated by the localized 
end-plate negativity.* Moreover, some of the muscle impulses may be 
blocked at the end-plate by tlie catelectrotonus.^®» Thus, such anti- 
dromic transmission occurs under conditions resembling those causing 
ephaptic transmission, close to a killed or injured region of nerve (the 
Bering effect, part 3, C, iiij. The present hypothesis would predict 
that antidromic synaptic transmission would be greatly facilitated by 
colliding two muscle impulses at the end-plate region fcf. figure 4b). 
The pre-synaptic fiber would then be subjected to the greatly increased 
excitatory action of double strength A 1 C 2 stimulation, and antidromic 
transmission should occur under much less favorable predisposing con- 
ditions. 


B. Synaptic Delay 

If the initiation of the post-synaptic impulse is always caused 
by mediation of a synaptic potential of the post -synaptic cell, then 
true synaptic delay measures the interval between the time of ar- 
rival at the synapse of the fore-front of the pre-synaptic impulse 
and the initiation of the synaptic potential. In figure 7a, the time- 
course of the action potential at the pre-synaptic terminal is shown, 
and below' it Uhe dotted line in figure 7b), the first derivative, which 
gives the approximate time-course of the current penetrating the post- 
synaptic membrane (part 3, C, iii). Allow'ance for rectification action 
is made in the broken line of figure 7b. On account of the electric 
time constant of this membrane, its potential change (the continuous 
line in figure 7b) is shown lagging behind the current which produces 
it.f Now, according to the hypothesis, the post-synaptic membrane 
initiates a local response when the catelectrotonus reaches a critical 
value, e.gr., at the point X, in figure 7c. As shown in figure 6d, this 

* Cf. Bodies. X Om ft J. JCaloolu.'*^ Fjoubs 15a. 

t CX. Vati, ft K, FiguBB 6. 
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Monoph^ic pr^sj-naptic action potential, (b) Its first derivative (dotted line) 
j tune-cour^ of the port-sjnaptic penetrating current (p.\et 3, C), anodal currents being 

inodification produced in this current if resistance 
K«r®“s?.ir and halved at the cathodal focus (rectification). The continuous 
line gives the approximate tune-course of the post-sjnaptic membrane potential so produced, al- 
lowance bemg made for the electnc time constant of the membrane (cf. Kata & Schmitt", figubb 
potently shown as in (b). At X, the local response of the ssm- 
^^**»**^f*^”*^K “iitiated by the cate.ecxrotonic phase, and it is shown running a time-course 
S^l N^ecting the passive electrotonic changes bf(b) and (c), this 

time-course of the resulting spreading catelectrotonus, 
® POtenti^) rero^ed from the post-sjTiaptic membrane adja- 

- 1 se at arrow, m figtbs fid). The rising phase of an initiated impulse is fti p n 

shown (dotted Ime), AZ being its ajiiaptic delaj% i ««puiee « aiso 
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local response provides the active region for setting up a spreading 
catelectrotonus — the synaptic potential. Thus, the synaptic delay i in 
FiGXJEE 7, c and d), is represented by the interval AX. The value of 
0.6 msec, which has been observed for this synaptic delay at mamma- 
lian neuro-muscular junctions^®’ and motoneurone synapses“^ ( frog, 
1.3 msec.) accords well with the duration of the pre-synaptic action 
potential (figure 7a), when it is remembered that there is probably 
some slowing of time-course, as the impulse propagates into the fine 
pre-synaptic terminals.-’*® As shown in figure 7d, a further delay, XZ, 
usually 0.2 to 0.3 msec., is involved in the building up of the synaptic 
potential to the threshold, for initiating an impulse at 

On the basis of figure 7, the hypothesis offers a satisfactory explana- 
tion of all the experimental findings on synaptic delay. For example: 
(i) By facilitation, synaptic delay cannot be shortened below a limit- 
ing value of about 0.5 msec, for central synapses.®® In figure 7b and 
7c, AY would be the minimal interval at which excitation could occur, 
under optimal conditions of facilitation, lii) Synaptic delay can, 
however, be further shortened by the direct excitatory action of a pre- 
ceding subliminal induction shock.®*^ By its depolarizing action, the 
shock would diminish the time lag betw^een reversal of current and re- 
versal of potential, and so shorten synaptic delay to less than AY 
(figure 7b). (iii) The longer synaptic delay with sympathetic gang- 
lia (about five times longer) correlates with the longer duration of the 
pre-synaptic spike, which sets the time scale throughout figure 7. 
(iv) The upper limiting value of synaptic delay, for example, about 
1.0 to 1.6 msec, for mammalian central synapses®®* and neuro- 

muscular junctions,®®’ has been correlated with the time of the rising 
phase of the synaptic potential,®®- ®® and thus, according to figure 7d, 
to the duration of the local response of the post-synaptic membrane 
(cf. C, below). (V) Synaptic delay (neuro-muscular in frog)®® has, 
as would be expected from figure 7, approximately the same tempera- 
ture coeflScient (2.1) as has the duration of the spike potential. 

C. Time-Course of the Active Phase of the Synaptic Potential 

The time-course of a local response is but little slower than the spike 
potential.*^®’ ®®’ ®®’ According to the hypothesis, therefore, the 
brief phase of active polarization (determined by analysis of the synap- 
tic potential) should have a time-course somewhat slower than the 
spike of the post-synaptic cell. This accords well with the findings on 
ganglion cells,®® motoneurones,®® and muscles.®® Furthermore, the tem- 
perature coefficient of this “active phase” is approximately the same 
as for a spike.®* 
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D. The Brief Period of Low Resistance 

This is in addition to that attributable to catelectrotonus, during the 
initial, ^'active” phase of the end-plate potential.^^ The postulated 
local response of the end-plate region of the muscle would produce 
just such an additional fall of resistance, running the same time-course 
as the active phase.* 

E. Slow Catelectrotonic Potentials in the Pre-Synaptic Fibers^' 

Such potentials have only been observed with synapses in the central 
nerv’ous s;j-"stem (the dorsal root potentials). The present hypothesis 
has been extended to explain the production of these potentials, by 
making the additional assumption that the terminal region of the pre- 
synaptic fiber resembles the post-synaptic area, in being specialized to 
give local responses. The catelectrotonic focus provided by the local 
response of the post-synaptic membrane sets up the current, which ex- 
cites the pre-synaptic terminal to give a local response, which, in turn, 
acts as a focus, setting up the spreading catelectrotonus of the dorsal 
root potential.®® 

7. DIFFICULTIES OF THE HYPOTHESIS 

The electrical hypothesis encounters difficulties in explaining the fol- 
lowing experimental observations, but possible lines of reconciliation 
are suggested. 

A. Synaptic Block Produced by Curarine in Skeletal Muscle 

and Ganglia 

Curarine acts as a specific depressant of the excitatory responses 
evoked in motor end-plates and ganglion cells by acetylcholine 
and related substances.®* Thus, the acetylcholine hypothe- 

sis provides an obvious explanation of the synaptic blockage produced 
by curarine. Now curarine causes such blockage by depressing the 
synaptic potential.-^* Hence, according to the electrical hy- 

pothesis, the simplest explanation of the blockage would be, that there 
is depression of the local response set up by the cathodal focus (cf. 
FIGURES 6d and 7c) ; f.e., that curarine depresses the electrical excita- 
bility of the post-synaptic membrane, as well as its acetylcholine ex- 
citability. In a recent attempt to test this, by electrical stimulation 
of the motor end-plate in the isolated nerve-muscle fiber preparation, 
before and after curarization, the initiation of propagated muscle im- 


Cf. scats, BJ* Figusb 11. 
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pulses was used as the criterion of end-plate excitability. Yet, if the 
end-plate region reacts by local responses, rather than by propagating 
impulses (paet 4, C) , it seems probable that this investigation tested 
the excitability, not of the end-plate (i.e., of the post-synaptic mem- 
brane), but of the membrane adjacent thereto, confirming the previ- 
ously observed absence, there, of curare action.'’*®’ Thus, it pro- 
\ides no evidence for, or against, a specific depression of electrical ex- 
citability of the post-synaptic membrane. Alternatively, if curarine 
blocks solely by its known depressant action on the local potentials set 
up by acetylcholine,^®* =’** then, in very deep curarization, the re- 
sidual catelectrotonic effects produced by the cathodal focus, ie., by 
electrical transmission, should be observable, uncomplicated by chem- 
ical transmission. This inference is particularly pertinent in the case 
of sympathetic ganglia, where the synaptic potential is virtually abol- 
ished by deep curarization, and yet other evidence suggests that acetyl- 
choline transmission plays but a minor role (part 2, ii) 

B. Action of Anti-Cholinesterases on Synaptic Transmission with 
Skeletal Muscle and Sympathetic Ganglia 

Anti-cholinesterases (eserine, prostigmine) delay the summit of the 
curarized end-plate potential and slow its decline,®^* ®** effects which, 
undoubtedly, are attributable to a prolongation of the active depolar- 
izing agent. With rapid, repetitive stimulation, a still greater effect, is 
observed, the end-plate potential persisting for several seconds, both in 
curarized and normal muscle.-** With sympathetic ganglia (normal 
or curarized), anti-cholinesterases also cause a prolonged synaptic po- 
tential to appear, after rapid, repetitive stimulation, but this prolonged 
potential is sharply distinguishable as a special addition to the other- 
wise unaltered synaptic potential.®® Presumably, both with ganglia 
and muscle, the prolonged potential is due to acetylcholine liberated by 
pre-synaptic impulses.* With ganglia, it has been argued that, since the 
initial, brief transmitter action, setting up the synaptic potential, is im- 
affected by anti-cholinesterases, it is not due to acetylcholine.®® Simi- 
larly, with muscle, the eserinized (or prostigminized) end-plate poten- 
tial appears to be the partly fused compound of a brief, initial phase, 
but little, if at all, lengthened by the anti-cholinesterase and the pro- 
longed phase (certainly due to acetylcholine) .f Thus, the electrical 
hypothesis would attribute the effect of anti-cholinesterases to an in- 
tensification and great prolongation of the normally small transmitter 
action of acetylcholine. Incidentally, it may be noted that such an 

* However, of. Vadunaneoluit 

t Socles, J. On B. Xatz, ft S. W. KnULer." Figobb 5 
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acetylcholine effect would account well for the latter part of the rela- 
tively long transmitter action observed at normal neuro-muscular junc- 
tions 15 msec., frog;'”^- 6 msec., cat®®.) A similar investigation of the 
synaptic potentials of motoneurones fails to reveal any such effect of 
anti-cholinesterases. Hence, it would appear that acetylcholine plays a 
negligible role at such synapses. These experiments indicate that the 
synapses of nerve-muscle, sympathetic ganglia, and the spinal cord 
form a series of decreasing significance for acetylcholine transmission. 
There has been no reference to other effects of anti-cholinesterases on 
synaptic transmission, e.g., after-discharge,®’ local contrac- 

ture,^* lengthening of refractory period,®®' or catelectrotonic 
block/’ 35 because these are all secondarily produced by the pro- 
longed and intensified synaptic potential. 

C. Repetitive Synaptic Transmission 

There is but little diminution of the synaptic potential set up in 
curarized mammalian muscle®® or anesthetized motoneurones®*’' by a 
second pre-synaptic volley, at the shortest intervals after the first. 
With curarized ganglia, the second potential is usually a little in- 
creased.®® The great increase with the frog’s end-plate potential®®* 

*'''*’ *' raises a further, as yet insoluble, problem. Since local responses 
are followed by refractor}” periods,*®’ assumption C of the hypothesis 
I PART 41 would predict a considerable diminution of a second synaptic 
potential, at short intervals. However, it must be remembered that 
the above observ”ations relate to synaptic potentials diminished suflBi- 
ciently for synaptic blockage, and that small local responses set up 
much less refractoriness than large responses.'*®* A large diminution 
of synaptic potential is observed, ’when synaptic transmission is not 
blocked,®®’ ®®’ and has, hitherto, been attributed to the refractoriness 
of the post-synaptic cell. Nevertheless, it may be, in part, due to re- 
fractoriness, following the postulated large local responses of the spe- 
cialized post-synaptic membrane (part 4, C I . This latter explanation 
is supported by the observation that the diminution is lessened by sub- 
paralytic curarization.* 

8. TESTING THE HYPOTHESIS 

It has been shown that the hypothesis gives a satisfactory explana- 
tion of all experiments investigating the temporal factors in synaptic 
transmission. It is otherwise with the intensity factors. Before the 
hypothesis can be regarded as well established, it has to be shown that 

• j. 0., ft 8. W. Xnltttr®: 505 . 



ECCLES: ELECTRICAL THEORIEiS OF TRAXSMISSIOX 449 


the currents generated by the pre-synaptic impulses (figure oj excite 
the post-synaptic membrane suflSciently to produce the observed synap- 
tic potentials and initiation of impulses. Such an intensity of action 
is not normally attained, even by the most eflScient ephapse,^’ but 
there are possibly three factors increasing the efficiency of the synapse: 

(ij The contact of the pre- and post -synaptic membranes is so inti- 
mate^® that virtually all the current penetrating the former must pene- 
trate the latter (in contrast to the estimated value of one third for the 
ephapse^® j . 

(ii) In the synapse, a large expansion in the area of contact is pro- 
duced by the swelling and branching of the pre-s^maptic terminals; 
also, with nerve cells, by the multiplicity of closely adjacent synapses.®® 

(iiij If the post-synaptic membrane has special excitatory proper- 
ties (part 4, Cj, the efficiency’- of electrical excitation may be thereby 
increased. 

By stimulating just beyond the region where a nerve volley is blocked, 
Hodgkin”*^ (cf. also Lorente de N6®®J showed that, with critical condi- 
tions for blockage, the threshold may be lowered to only 10% of nor- 
mal, i.e., the nerve volley still provides as much as 90% of the threshold 
electrical stimulus, beyond the blockage. Hence, there is a high prob- 
ability that, in the absence of block, it provides an electrical stimulus 
adequate to excite, f.e., that the transmission of nerv-e impulses is elec- 
trical. It should be possible to apply a similar test to the curarized 
end-plate of the isolated nerve-muscle fiber preparation. It has, of 
course, been sho^m that there is a lowering of threshold, during the 
end-plate potential,^®* as would be expected for a catelectrotonus, 
however produced. The present test would explore, instead, the brief 
interval of pre-synaptic current flow, particularly that preceding the 
origin of the synaptic potential (i‘.e., AX in figure 7C). Such a test 
has already given suggestive results with motoneurones,®® but, in order 
to be convincing, there should be an accurate location of the stimulat- 
ing electrode on the synaptic region of the post-synaptic membrane, 
and, at present, this seems possible only with the isolated nerve- 
muscle fiber (cf. Kuffler®*). An attempt on the whole sartorius was 
unsuccessful.* 

Crucial testing of the hypothesis will also be provided by further 
pharmacological experiments on synaptic transmission: particularly 
the action of anti-cholinesterases, and the effects of various background 
concentrations of acetylcholine, potassium, and calcium. Predictions 
leading to tests have already been mentioned in the preceding sections. 


* Xatz, ?.9H. 
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In addition, mathematical treatment of the flow of penetrating current 
at a schematized synapse should be possible, and would give more pre- 
cise predictions for experimental testing. Since the hypothesis is 
based on the investigations on nerve and muscle fibers outlined in 
PAET 3 (particularly the ephaptic experiments), further developments 
of this work are of immediate relevance as tests of the hypothesis, 
providing data on which will depend its development, or modification, 
or rejection in whole or in part. 

Finally, it may be stated that a recommendation for the hypothesis 
is its systematization of synapses and neuro-muscular jimctions in a 
series (neuro-muscular junctions, ganglionic synapses, and central 
synapses), exhibiting a progressive replacement of acetylcholine trans- 
mission by electrical transmission. To the beginning of such a series 
could be added those special modifications of ganglionic and neuro- 
muscular s 3 niapses, seen, respectively, with the chromaflSn organs (su- 
prarenal medulla) and electric organs, where synaptic transmission 
seems to be wholly due to acetylcholine. 

9. SUMMARY 

Transmission of impulses across synapses of the spinal cord, sympa- 
thetic ganglia, and skeletal muscle, involves a dual problem: (a) the 
setting up of synaptic, catelectrotonic potentials in the post-synaptic 
cell; and (b) the initiation of impulses in the post-synaptic cell by such 
potentials. Evidence is given that, in their present form, both the 
chemical (acetylcholine) and electrical hypotheses relating to Prob- 
lem (a) are unsatisfactory. Furthermore, recent experiments are 
cited which indicate that acetylcholine plays a negligible part as a 
synaptic transmitter with motoneurones; a subsidiary role with sym- 
pathetic ganglia, and possibly also with skeletal muscle. Hence, it is 
desirable to attempt a more precise formulation of the electrical hy- 
pothesis. 

The present attempt is based, mainly, on four lines of recent inves- 
tigation: 

(1) The electrical properties of surface immbranes: resistance, elec- 
tromotive force, capacity, and rectification. Inductance is neglected, 
because it is doubtful if the high values of cephalopod axons obtain for 
vertebrate nerve and muscle. 

(2) The existence of active local responses. These may be very 
large in refractory, or anesthetized, or deteriorated nerve. 

(3) The electrical actions occurring across artificial synapses {ephap- 
ses) . There are shown to be three main types of ephapses, the synapse 
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being a special example of the type mth an initial anodal and terminal 
cathodal action; the only type in which a significant excitatory action 
is exerted. 

(4) Electrical recording from the isolated neuro-muscular junction 
shows that the motor end-plate is specialized to give local responses 
without the all-or-nothing breakdown of propagated impulses. Im- 
pulse initiation appears to be produced by a secondary catelectrotonus 
in the surrounding membrane. 

The present hypothesis makes three main assumptions: 

A. A schematized formulation is made of the essential geometrical 
relationship of the membranes of the pre- and post-synaptic elements, 
as revealed by histolo^cal and electrical investigation. 

B. The electrical properties of the pre- and post-synaptic surface 
membranes resemble those observed for peripheral nerve and muscle 
(see (1), above). 

C. The membrane of the immediate post-synaptic region is special- 
ized, so that large and graduated local responses are set up by catelec- 
trotonic polarization (see (2) and (4), above). 

On these basic assinnptions, it is shown that a pre-synaptic im- 
pulse sets up electric currents exerting an initial anodal and later 
cathodal action on the post-synaptic membrane. The latter action, in- 
tensified by rectification, sets up a local response (pabt 4, C) , which, in 
turn, acts as a relatively prolonged cathodal focus, from which spreads, 
electrotonically, the synaptic potential of the effector cell. Finally, 
the initiation of impulses by this synaptic potential appears to be ex- 
plicable, simply, as the action of a catelectrotonus. 

This hypothesis is shown to offer satisfactory explanations of many 
fundamental observations on synaptic transmission: irreversibility; 
synaptic delay; time-course of junctional potential; brief impedance 
loss at end-plates; dorsal root potentials of the spinal cord; some of 
which were hitherto inexplicable in detail. 

On the other hand, the hjrpothesis encounters difiiculties in explain- 
ing the actions of curare and of anti-cholinesterases on synaptic trans- 
mission in ganglia and skeletal muscle. The action of curare may be 
explained, if it is assumed that it depresses the electrical excitability of 
the post-synaptic membrane, as well as its pharmacological excitabil- 
ity. It is argued that this assumption has not yet been tested. The 
action of anti-cholinesterases is attributed to the intensification and 
prolongation of the action of acetylcholine, to which the hypothesis as- 
cribes a subsidiary role, as a transmitter at synapses of ganglia and 
skeletal muscle. A further difiSrulty appears to arise in the explana- 
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tion of rapid, repetitive, synaptic transmission. The postulated local 
responses should be followed by refractory periods, but a possible ex- 
planation is suggested. 

The testing of the hypothesis is shown, especially, to concern the 
further investigation of the special electrical properties assumed for 
the post-synaptic membrane; also, the attempt to discover how far the 
postulated electrical actions can account quantitatively for the post- 
s^maptic stimulation. It has been shown (above) that the observed 
temporal course of the post-synaptic stimulation is satisfactorily ex- 
plained. In addition, further pharmacological investigation is neces- 
sary to test the explanation attributing a subsidiary role to acetyl- 
choline transmission. It is e\ident that further work on the electrical 
properties of membranes on local responses, and on ephaptic transmis- 
sion, vdll provide additional tests of the hypothesis. 
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CHEMICAL EXCITATION OF NERVE* 

By Fsank Brink, jB.,f Detlev W. Beonk, and Martin G. Larrabee 

Eldridge Reeves Johnson Research Foundation, University of Pennsylvania, 
Philadelphia, Pennsylvania 

One of the noteworthy characteristics of neurones is their sensitinty 
to changes in the chemical en%’ironment. Even within the relatively 
protected interior of the body, the properties of nerves are subject to 
modification by variations in the composition of the body fluids. In- 
deed, the alterations of iiTitability and the trains of neiwe impulses, 
which ai’e the result of changes in the chemical enwonment. are among 
the most important factors involved in the regulation of the acthity 
of the organism. This is one of the significant reasons for studying 
the chemical activation of nerve. A second reason derives from the 
current interest in the role of chemical agents in the mechanism of syn- 
aptic transmission. Furthermore, the investigation of the effects of 
various chemical agents is one of the most fruitful sources of informa- 
tion regarding the role of the several chemical components of the nerve 
structure and of the chemical processes involved in nervous action. 

This last consideration suggests that the most significant chemical 
agents for use in the study of the processes of activation are those 
which have an important part in the normal structure of nerve. Cal- 
cium is such an element. Potassium is another; it modifies the action 
of calcium, to which it is closely related in the regulation of ner\’e ac- 
tion, and it has a marked influence on the electric potential difference 
across the interfaces at which the nerve comes in contact with its en- 
raonment. Finally, the effects of acetylcholine on the initiation and 
conduction of the nerve impulse make an important and timely 
subject for investigation in such a study as this. It is with the effects 
of these agents that we shall be primarily concerned. There are 
others of significance for a general study of this problem, but from 
these three we can derive many of the basic phenomena involved in 
chemical excitation. 

I 

The changes in the functional characteristics of a nerve caused by 
an alteration of its chemical environment are due to the consequent 

* The evpenmental 'work reported here has been generouhlv Mipported by giants from the Supreme 
Council, Scottish Rite Masons, and from the Amencan Philosophical Society. 

t Fellow of the Lalor Foundation. 
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changes in the chemical constitution of the cell or axon. Thus, the in- 
creased irritability that is induced by surrounding a nerve with a cal- 
cium-deficient fiuid follows a decrease of calcium within the nerve. 
In order that the effects of such changes may be investigated, it is con- 
venient to have available a solution which will maintain nerve in a 
stable functional state for long periods of time, and to which the effects 
of other emironmental solutions may be referred. It is customary to 
choose for reference a solution having a salt content and pH approxi- 
mating that of the animal’s body fiuids. By direct test, it has been 
found that a frog nerve can be kept in a solution at pH 7.2 (phosphate 
buffer) containing sodium chloride (116 mM), potassium chloride (2.0 
mM), and calcium chloride (1.8 mM) for many hours, with no sig- 
nificant change in excitability or in rate of aerobic oxidation. Squid 
nerve, which we have also employed, maintains a similar stable func- 
tional state in sea water (Woods Hole) at pH 8.0 or in a solution con- 
taining sodium chloride (406 mM), potassium chloride (11 mM), and 
calcium chloride (70 mM) . Modifications of these solutions have been 
used as the experimental means of chemical activation. 

The calcium ion concentration of the environmental fluid is espe- 
cially important in determining the excitability of nerve. This familiar 
phenomenon (cf., e.g., Misske^) can be studied quantitatively and under 
quickly reversible conditions in squid giant axons or in bundles of frog 
axons from which the perineurium has been removed. Under those cir- 
cumstances, diffusion equilibrium between the axons and the surround- 
ing fluid is attained relatively quickly. In fisxjbb 1, the threshold 
strength of direct current necessary to initiate an impulse, which is the 
rheobase, is plotted as a function of the concentration of calcium 
chloride in the fluid bathing a giant axon of the squid. A siTnilflT re- 
lation is obtained for the a fibers in a frog sciatic nerve (figuee 2). 

The increased excitability produced by the action of solutions having 
a low concentration of calcium chloride is presumably due to the dif- 
fusion of Ca*+ from the cell structure. Indeed, Tipton* has shown by 
chemical analysis that as much as 40 per cent of the total calcium of 
frog nerve is in diffusion equilibrium with the surrounding fluid, some 
of this diffusible calcium being in the cell phase. His evidence for 
intracellular precipitation of added calcium is a further indication that 
changes in the calcium chloride content of the bathing fluids lead to 
changes in the cellular content. The spatial distribution of these 
changes in cellular calcium are unknown. 

’t\Tien frog nerve is equilibrated with solutions containing from 1.0 
mM to 0.3 mM calcium chloride, or when squid nerve is equilibrated 
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ydth solutions containing from about 70 mAI to 10 mM calcium chlo- 
ride, there is a certain degree of irritability corresponding to each con- 
centration. This is measured as the minimal strength of current nec- 
essary to initiate a conducted impulse. It may be thought of as an 
index of the stability of the excitable portion of the nerve structure. 
We shall subsequently refer to the fact that the rate of oxygen con- 
sumption of nerve is also modified by changes in its calcium content. 
Here, it is pertinent to remark that the variations of oxygen consump- 
tion occur within this same range of calcium concentrations in Tvhich 
there are measurable changes of irritability. In the case of frog nerve, 
moderate increases in calcium above 2.0 mXl do not cause a further 
appreciable decrease of irritability nor a further decrease of oxygen 
consumption. At very much higher concentrations, above 15 mM, 
the irritability again decreases,® and there is a further fall in the oxygen 
consumption.*^ If the concentration of calcium be lowered beyond 0.3 
mM, or 10 niM in the case of squid ner\^e, it is no longer possible to 
measure the irritability in terms of the strength of current necessary to 
initiate an impulse. At these levels, the nerve structure has been so 
much modified, its stability lowered so much, that it goes through 
periodically-recurring cycles of change, with consequent, self-initiated 
trains of propagated impulses.® 


II 

The response of nerve to the exciting action of an electric current 
can be studied in a ner\’e trunk or in a bundle of fibers. The stimulus 
is under the control of the experimenter, and all of the fibers are ex- 
cited simultaneously. Accordingly, the action potential recorded from 
the aggregate of fibers of a given type is a fairly accurate representa- 
tion of the sequence of events in each fiber, provided temporal disper- 
sion, due to differences in conduction velocity, is avoided. 

The situation is quite different in the case of chemical excitation. 
The altered chemical emdronment modifies the properties of the fibers, 
so that a sequence of cyclic events develops in each fiber, with a fre- 
quency that is determined by the characteristics of the fiber. Because 
these intrinsic characteristics differ, the frequency of the impulses dis- 
charged from a chemically treated region varies from fiber to fiber. 
Furthermore, the properties of the fiber may change from moment to 
moment, so that the sequence of impulses is not truly periodic. Finally, 
the times of initiation of impulses in one fiber are independent of the 
timing of these events in the other fibers, in contrast to the externally 
determined synchronization imposed by electric stimuli. Because of 
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these considerations, the action potentials recorded from a bundle of 
numerous fibers reveal little of what is occurring in the indmdual units 
{FIGURE 3). Under these conditions, the investigation of the proc- 
esses of excitation and response encounters the same difficulties experi- 
enced in the study of groups of sensory endings or motor nerve cells 
(Adrian;® Adrian and Zotterman;^ Adrian and Bronk** ) . 

The solution here is the same as there: that is, to isolate and measure 
the activity in a single fiber. Only when this is done can one obser\’e 
the more or less rhythmic train of impulses discharged from the chem- 
ically modified region (figure 3l The difiiculties inherent in this 


PiGUBi 3. Abo\ e Impulbeb recoided from branch of sciatic ner\ e ot fiof? stimulated by topical ap- 
plication of isotonic bodium citrate. Belot^ Impulbcs lecorded from single a fiber dissected from 
this nerve Time m 1/fi i!>econd8. 

experimental procedure partly explain the relative paucity of our 
knowledge regarding the nature of chemical excitation. 

It is worthy of emphasis that an axon possesses the capacity ( as does 
a cell body or sensory ending) for transforming the continuous environ- 
mental action of a physical or chemical agent into a series of recurrinc 
events which are made manifest as nerve impulses. 

It has been said that the frequency of impulses developed varies from 
fiber to fiber, and depends upon the intrinsic characteristics of each 





Figlis 4. The lUerage frequency of uupulbe^ recorded from a single fiber depends uDon the 
Mncentxation of calcium ions. Upper record, concentration of Ca is 0 3 mM , middle, O.I mM ; 
loaer, no calcium In this e&.penment, the 0.1 mM calcium applied first, then tne 03 mM, 
and finally the calcium-fiee solution. Time in 1/5 seconds. 

The frequency of impulses initiated by a given reduction of calcium 
ion concentration, or by other chemically stimulating media, also de- 
pends upon the previous duration of the chemical action. The electric 
threshold begins to fall almost at once after the application of the 
solution (FIGURE 5) . Further time is required for changes in the intra- 
cellular processes which must precede the development of conducted 
impulses. Indeed, the first impulse may not develop for some minutes, 
and then at a time when the threshold has fallen to zero. This same 
gradual loss of stability, continuing further, is manifest in the pro- 
gressive increase in the average frequency of impulses. 

When calcium is removed from a ner^'e, by diffusion into a solution 
containing less than the normal amount of calcium chloride, the dis- 
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charge of impulses referred to above begins slowly. If the calcium 
ion concentration is reduced, by adding a calcium-binding agent such 
as sodium citrate, the discharge begins more quickly and continues 
longer. Because of this, we have used for many of our experiments a 
stimulating fluid which contained sodium citrate in place of some of 
the sodium chloride. When the calcium ion concentration is thus re- 
duced below about 0.4 mlM, impulses are initiated. This is the concen- 



tration level for activation, whether the calcium be removed by the 
action of citrate or by the simple process of diffusion. This, and other 
evidence, suggest that a principal factor in citrate excitation is the low- 
ered calcium ion concentration. 

We have already stated that the frequency of impulses initiated by 
the removal of calcium is, at any time, dependent upon the duration 
of the pre\ious action of the stimulating fluid. The time-course of 
development of the impulse discharge is also largely influenced by the 
previous chemical treatment of the nerve. Usually, the impulses be- 
gin to occur, at random intervals, when the rheobase has fallen to about 
5 per cent of its initial value. Thereafter, the impulses are discharged 
in groups, which gradually merge into a more or less regular train when 
the frequency reaches about 150 per second. Such a gradual increase 
in the frequency of impulses is shovni in one of the curves of figuee 6. 

The development of acthdty is not always so gradual. Sometimes, 
the initial frequency may be high, and then decline to a lower level 
that is sustained for some hours, with the development of hundreds of 
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Figirb 6 Time-course of disehatge (impulses per second m a single fiber), afta* topical appli- 
cation of ibotonic solution contammg sodium citrate (35 mM) and sodium chlonde 
Op«i circles gradual mcrease of frequenc\ dunng first penod ot chemical excitation 
Squares response to second application of same solution, after mtervenmg 2 hours m lefermice 
fluid 

Fillfd circles rebponse to a third application, after another hour m Rmger’s fluid. 



MINUTES 


Fx(»^ 7. The disdiaige of impulses continuing at high frequency for manj minutes dunng 
topical application of isotomo sodium citrate. Approximately 540,000 impulses yere produced by 
toe smgle fiba, dunng the acti>ity plotted m this figure. 
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thousands of impulses (figuee 7). This initial high frequency dis- 
charge usually occurs after a pre%'ious period of chemical excitation that 
had been arrested by the restoration of calcium (figvee 6j. It also 
occurs during the actual restoration of calcium.® 

A nerve which has been once modified by the withdrawal of cal- 
cium continues to give such a response of high initial frequency to a 
successive activation, even though it has been in unmodified Ringer’s 
fluid for many hours (figure 6) . Whether the impulses start at a hi^ 
frequency that declines, or whether the frequency gradually increases, 
the final, sustained average frequency is about the same for a ^ven 
stimulating fluid. This frequency is, to an important degree, deter- 
mined by the calcium content of the nerve, and our experiments also 
suggest that it is, in part, dependent upon the rate of removal of cal- 
cium. This latter factor may be especially important in the determina- 
tion of the transient changes of frequency. 

Ill 

The resting metabolism of nerve has long been thought of as neces- 
sary for maintaining the organization of its unstable structure against 
the tendency of the structure to become disorganized. In accordance 
■with this xuew, the less stable structure resulting from the withdrawal 
of calcium should have a higher metabolic requirement for its main- 
tenance. This increased metabolism has been observed.^ We, too, 
have made such measurements of the oxygen consumption of nerve 
from which varying amounts of calcium have been withdrawn, while, 
at the same time, measuring the excitability and recording any impulses 
that were initiated.^' Alterations of calcium content in the nerve, suffi- 
cient to cause a lowered threshold to electric stimuli, but insufficient to 
cause the rhythmic discharge of impulses, induce an increased oxygen 
consumption (figures 8 and 9). As the calcium content is further 
reduced, the oxygen consumption increases still more. Finally, a level 
of calcium content may be reached which is sufficiently low to cause 
the rhythmic discharge of impulses, and associated with this calcium 
content there is a still hi^er oxj'gen consumption (figure 8). 

This progressive increase of oxygen consumption of ner\'e with de- 
creasing concentrations of calcium, starting at calcium levels too great 
to permit the development of spontaneous activity, raises the question 
as to the meaning of the term, “resting oxygen consumption.” The 
oxygen consumption of axons which are resting, in the sense of not 
conducting impulses, may be quite different in different chemical 
emironments. 
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Figubb 9. Respiration of frog sciatic nerve in relation to threshold of a fibers in nerve. 
Changes produced by eqmlibration m isosmotic solutions containing 1.0, 0.5, and 0.25 mM OaCl*. 
Both respiration and threshold (rheobase) are expressed as per cent of their values (Eoarked by 
sfdid sq.u^) in refeimee solution (containii^ 2.0 mM CaCls)> 

Open circles: A nerve showing a stnall p«r c«it change in respiration has a correspondingly pmal f 
per cent (^ange in rheobase. t 

Sohd dreltf : pother nerve, showing a large per cent change in respiration, has a large per 
cent change in rheobase. 
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An increased rate of oxidation is essential for the initiation of im- 
pulses. That is shown by the effects of an oxidation-inhibiting agent, 
such as sodium azide. A portion of a nen’e trunk was placed in sodium 
citrate, and impulses which were thus developed were recorded in one 
of the fibers coming from the chemically activated re^on. Sodium 
azide was then applied to the citrate-treated portion of the nerve, in 
a concentration that was sufiScient to suppress the chemical excitation. 
For this, a concentration of azide which restored the oxidation to a 
normal rate was adequate (figube 10). After the rhythmic discharge 



Figubb 10. The rebpiratiou of a calcium-ddicient nerve (pei cent of value in referen(*e solu- 
tion) suppre^ed by sodium azides as h- the respiration of a normal ner^-e. 

of impulses had thus been inhibited, it was still possible, for several 
hours to send a high frequency train of impulses, initiated by electric 
stimuli, through the calcium-deficient and azide-treated length of nerve. 

The initiation of impulses by a calcium-deficient re^on of nerve re- 
quires a higher rate of oxidation than is necessary for the maintenance 
of the capacity of such a calcium-deficient re^on to conduct impulse. 
Certain specific chemical changes in the constitution of nerve and in- 
creased metabolic rate both appear to be necessary for the initiation of 
rhythrmc actmty. One without the other is an inadequate condition 
for self -excitation. 
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Although there are many instances of a close parallelism between 
the stability of nerve, as measured by its electric threshold or by the 
spontaneous development of impulses, and its rate of respiration, there 
are exceptions. For instance, the rhythmic activity may be abolished 
by the application of potassium chloride, which, at the same time, in- 
creases the rate of respiration. Another instance of such a lack of 
parallelism is revealed when a nerve is returned to its normal fluid 
environment, after treatment with sodium citrate. The rhythmic ac- 
tivity is promptly suppressed, and the threshold becomes normal, long 
before there is a corresponding recovery of the original, normal rate 
of respiration. 


IV 

There has been a persistent notion that the initiation of trains of 
impulses from a chemically activated portion of an axon or from a 
sense organ under a constant stimulus is due to a gradient of electric 
potential at the site where the impulses originate. Indeed, Adrian^® 
found that there was a gradient of 10 mV between a normal portion of 
nerve and an injured region from which impulses were discharged. 
Accordingly, he attributed the excitation to this demarcation potential. 
Furthermore, Erlanger and Blair^^ and Fessard^® caused the rhythmic 
discharge of impulses by the passage of constant currents. Finally, 
Katz^® and Arvanitaki^^ found that the duration of such an electrically 
induced repetitive discharge could be much prolonged by reducing the 
calcium content of the nerve. 

Because of these considerations, we have carefully searched for some 
causal relation between a potential gradient developed at the site of 
calcium removal and the chemical initiation of impulses. To do this, 
one of a pair of non-polarizable electrodes was placed in contact with 
the chemically altered region of the nerve; the second was in contact 
with an adjacent, untreated portion. We have found that the activity 
develops in the calcium-deficient part of the nerve, without the appear- 
ance of an appreciable longitudinal potential gradient.^® However, this 
part of the nerve is very sensitive to weak currents. It is, therefore, 
possible that potential differences of less than a millivolt might be in- 
volved in the mechanism of chemical excitation. 

Accordingly, experiments were devised to study quantitatively the 
relation between the frequency of conducted impulses and changes in 
membrane polarization produced in the hyper-excitable portion of the 
axon by certain additional chemical agents. Increasing the proportion 
of potassium chloride in the solution of sodium citrate used to excite 
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the nerve makes the calcium-deficient region negative to the adjacent 
parts of the cell. Under these conditions, the associated current flovr 
is inward across the plasma membrane in the hyper-excitable region 
of the axon. The conducted impulses still occur, but at a reduced 
frequency, compared vith the activity initiated by a solution contain- 
ing less potassium chloride. The frequency of response is lower, the 



Figubb 11. The depression by KOI of the aetK'ity produced by topical application of isotonic 
sodium citrate is related to the associated decrease in membrane TOlarization. 

Upper curve is potential difference between treated region of nrarv’e and normal part of nerve. 
At the first arrow, the solution was changed from isotomc sodium citrate to one containing the 
same amount of citrate, but with 15 nCVI K m place of some of the sodium. At the second 
arrow, the newe was returned to a solution containing isotonic sodium citrate without potassium. 
At the third arrow, the solution containing potassium was again applied to the nerve. 

The lower curve shows change in frequency of lesponse recorded from a single fiber in this 
nen'e. A dxnilar suppression of activity during the first cji'cle of depolarization 'was observed, but 
not recorded. 

higher the concentration of potassium chloride, and, therefore, de- 
creases, as the degree of depolarization increases. Tl’hen the calcium- 
deficient part of the cell is made sufiBciently negative, the activity is 
suppressed, but it begins again as this depolarization is removed by 
washing out the potassium chloride (figuee 11 J. Conversely, if this 
region of the nerve is made positive to adjacent parts, as by a solution 
of sodium thiocyanate, the frequency of tiie impulses is increased. 

Thus, small differences of potential between a normal and hyper- 
irritable region of an axon modify the frequency of the impulses dis- 
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charged from that region, despite the fact that the impulses ori^ate 
without the mediation of such potential gradients. The influence of 
these gradients on the excitability of calcium-deficient nerve, as meas- 
ured by changes in the frequency of impulse discharge, is in agreement 
with the usual effects of current flow from an external source: depres- 
sion at the anode and excitation at the cathode. 

Although the chemical excitation of nerve does not depend upon the 
development of a steady current flow, the discharge of chemically 
initiated impulses can be modified by an externally imposed potential 



SECONDS 

^ Figusb 12 The frequency of response in a single fiber stimulated by topical application of 
isotomo sodium citrate is reduced '^hen the treated region is anodally polanzed (first arrow). 
When circmt is opened (second arroi^), there is a transient inczease m response. The cunent 
passed into nerve m the treated region as shoi^n m the diagram 

gratiient. This was first reported by Fessard/® who observed such an 
effect in crab nerves which had been excited to acthity by the applica- 
tion of alcohol or sodium thiocyanate. To study this problem further, 
we have passed a polarizing current through a calcium-depleted region 
of frog nerve, during the period of constant frequency of discharge. 
WTien the direction of current flow is such that it enters the nerve 
fiber in the chemically activated region, the average frequency of im- 
pulses is reduced for a brief time. As shown in figtjeb 12, only a slight 
depression continues after a few seconds. When the polarizing current 
is terminated, there is a temporary increase in the frequency of im- 
pulses from the chemically activated region, followed by a return to 
the frequency that preceded the beginning of the current flow. 
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If the current is in the opposite direction, so that it flows out of the 
fiber in the calcium-deficient region, the sequence of frequency changes 
is reversed. Then, as the current starts, there is a transient increase 
of frequency, iollowed by a temporary depression when the current is 
interrupted. 

Still obscm'e are the cellular mechanisms which account for an in- 
crease in the frequency of impulses from calcium-deficient nerve, when 
positively charged ions move outward across the fiber interface, or for 



Figuxb 13 The maximum change m frequency (impulbei!) per !^econd) m a chemically acated 
frog a fiber is proponional to the magmtude of polarizmg current (m nucroampera») Ner\e »- 
cit^ as describe m figure 12 

Possiti\e current, anode m the treated i^ion; negatne current cathode m treated region. 

a decrease of frequency, when the ionic movement is reversed. The 
effects are, however, consistent with the long-established fact that a 
cathodally polarized region of nerve is more irritable, while anodally 
polarized nerve is less irritable. Accordingly, the effects are also in 
agreement with the \iew that an agent which reduces the stability of 
the nerv^e structure increases the frequency of chemically induced 
activity. 

The magnitude of the transient increase or decrease in the frequency 
of impulses, caused by the passage of an electric current through a 
chemically activated nerve, depends upon the strength of current. Fio- 
IJBE 13 shows that there is, indeed, a linear relationship between the 
current strength and the maximal increase or decrease of impulse fre- 
quency caused by the current flow, within certain limits. This figure 
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also reveals the significant fact that there is, apparently, no minimal 
current strength that must be exceeded before the rhythmic discharge 
from the chemically sensitized nerve is modified. Any change in the 
direct current, no matter how small, flowing across the membrane of 
these chemically modified nerves, alters the rhythmic activity of the 
nerve and is reflected in the altered frequency of the propagated im- 
pulses. This is in contrast to the limiting threshold of current 
strength necessary for the excitation of a conducted impulse in a nerve 
with normal calcium content. 


V 

We have already said that potassium chloride causes a decrease in the 
frequency of the impulses developed in a calcium-deficient portion of 



FicrcRB 14. Frequen<» of lesponbe due to action of isotonic solutions containing vanous propor- 
tions of sodium chioiide and sodium citiate. Concentiation in terms of pei cent of ibotomo solu- 
tion of sodium citrate. 

a nerve. This is the effect of potassium chloride when its action has 
reached a steady state, but it is preceded by a transient increase in the 
number of impulses discharged per second. This stimulating action of 
potassium chloride also occurs in nerves with normal calcium content, 
but there it is of even shorter duration. Both the maximum frequency 
and the duration of the impulse discharge, caused by an increase of 
potassium chloride, are greater, the lower the calcium content of the 
fluid bathing the nerve.*® Thus, the removal of calcium from a nerve 
makes it more sensitive to the transient stimulating action of a moder- 
ate increase in the concentration of potassium chloride. 

This increased sensithity of calcium-deficient nerve to other chem- 
ical agents is further revealed in the experiments shown in figubb 14. 
There, the nerve was made active by bathing a portion of it in isotonic 
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sodium chloride. When the frequency of response had become con- 
stant, the sodium chloride solution was replaced by one in which some 
of the sodium chloride had been replaced by sodium citrate. The fre- 
quency of impulse discharge then increased, as is shown. With each 
further increase in the proportion of sodium citrate, there was a further 
increase in the average number of impulses per second. When the 
nerve was subsequently returned to solutions containing successively 
smaller concentrations of citrate, there was a parallel decrease in the 
impulse frequency. Finally, in isotonic sodium chloride, the initial 
low degree of activity w'as resumed. This decrease in average fre- 
quency, associated vith the return to isotonic sodium chloride, is obvi- 
ously not due to a restoration of calcium to the nerve. It seems prob- 
able, therefore, that a nerve made active by removal of calcium is sen- 
sitive to changes in the concentration of the citrate ion. This contrasts 
with the previously mentioned lack of effect of citrate upon a nerve in 
the presence of Ringer^s proportion of calcium ions. 

In a similar manner, the stimulating action of sodium thiocyanate 
is enhanced by first removing some of the calcium from the nerve. 
Also, tetraethyl ammonium chloride will stimulate frog nerve, and 
we have found that its effectiveness in initiating impulses is greater, 
if the axon is sensitized by preliminary removal of some of the calcium. 

Another quaternary ammonium salt of interest in this discussion 
is acetylcholine. Lorente de No has shown-- that it docs not alter the 
membrane potential of frog nerve, even in massive concentrations. On 
the other hand, Nachmansohn argues for the possibility of such an ac- 
tion, on the grounds that cholinesterase-inhibiting agents, which should 
permit the accumulation of acetylcholine, do cause depolarization of 
squid nerve.--^ In our experience, acetylcholine does not induce a dis- 
charge of impulses when it is applied to the axons of a peripheral frog 
nerve trunk, and we have not been able to increase the frequency of 
chemically excited impulses by adding acetylcholine to the calcium- 
deficient fluid. Also, we have investigated the effects of this substance 
on mammalian nerve, by perfusing the stellate ganglion of a cat. In no 
case have we found any evidence that impulses are thus initiated in the 
pre-synaptic fibers wdthin the ganglion, even though as much as 500 
micro-grams of acetylcholine were added to each cc. of perfusion fluid. 
This was determined by observing that no impulses were discharged 
over the fibers of the preganglionic trunk friGUEE 15). Finally, there 
remains the contrasting and significant observation, that much lower 
concentrations of acetylcholine do cause the discharge of rhythmically 
recurring impulses in the post-synaptic neurons. The cell bodies or the 
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POSTGAM^LtONIC 

NERVE 


PREGANGLIONIC 

NERVE 




ACETYLCHOLINE 
100 pG /cc 


I ACETYLCHOLINE 
100 pG^cc. 



PREGANGLIONIC 

NERVE 


ACETYLCHOLINE 

SOOpGw^cc 


PREGANGLIONIC 

NERVE 



SODIUM CITRATE 
380 ps /cc. 


Figube 15 Response^ recorded from the pi ganglionic and postganghomc n^es of a cats 
stellate b^mpathetic ganglion, durmg perfusion ^ith acet^loholme and sodium citrate Control 
records m the absence oi a chomcal ^citant m the leit hand column Time 0 1 sec 

immediately contiguous portions of their axons differ from axons in 
general in some way that makes them sensitive to the action of this 
agent. 

This is a striking example of a specificity of nerve structure involved 
in the process of chemical excitation. It has been suggested that the 
basis of this differential action is the presence or absence of a myelin 
sheath that would prevent the rapid penetration of the acetylcholine.®’ 
That IS not likely to be the explanation of the contrasting effects in the 
experiments just reported, for the terminal portions of the pre-synaptic 
fibers within the ganglion are considered to be non-myelinated,®^ as 
are the post-synaptic neurons. 

Certain chemical agents, such as acetylcholine, are highly specific, 
with regard to the type of nerve structure they excite. Others, of which 
citrate and calcium-deficient solutions are examples, are quite general 
in their action.®* Thus, a reduction of calcium ions in the perfusing 
fluid, or the addition of sodium citrate, causes the discharge of recurring 
impulses in both the pre-synaptic and the post-synaptic neurons, as in 
axons generally (figure 15). 

The character of the response of ganglion cells to acetylcholine is, in 
many respects, analogous to the response of peripheral axons to chem- 
ical excitation. For each cell, there is a threshold concentration that 
must be exceeded before impulses are developed This threshold dif- 
fers from cell to cell, but it is usually less than 25 micrograms of acetyl- 




Figusb 16 Impulses disehanK^ ^rom a smgle ^mpathetic ganglion cell m response to acetjpl- 
eholino m concentrations of A 25; B 50, O 100 micrograms per cc Cat’s stellate gan^um per^ 
fused \(ith a modified Bmger’s fluid containing acet\ Icbolme, but no inhibitor of cholmesterase 
Impulses recorded from a fine strand of the postgangliomc nerve Time m seconds 

discharge increases with increased concentrations of acetylcholine (fig- 
xjEE 16) . Finally, at concentrations of about 200 micrograms per cc., 
the excitatory action ceases, the discharge of impulses is arrested, and 
the ganglion cells cannot be stimulated by volleys of preganglionic 
impulses. 

The response of nerve to chemical excitants depends upon the totality 
of environmental agents. This has been emphasized before. It is a 
fact that is illustrated by the effects of the combined action of acetyl- 
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choline and other chemical agents on ganglion cells. For example, the 
frequency of impulses initiated by a certain concentration of acetyl- 
choline may be reduced by increasing the concentration of calcium in 
the perfusion fluid, or by reducing the concentration of potassium (fig- 
VBE 17) . Conversely, the frequency of discharge may be increased by 

e X NORMAI. 8 X NORMAL 

CALCIUM POTASSIUM 



NORMAL 


•Mil 


I NORMAL 



NO CALCIUM NO ^POTASSIUM 


FiGCBB 17. Impulses discharged trom a bingle cell m a cat’s stellate ganglion, duzing peifusion 
viith si-c difiPerent solutions, all containing the same amounts of acet>lcnolme (40 fig 1 cc.), but 
difierent concentrations of calcium and potasMiiin. Time m seconds 

lowering the concentration of calcium or by augmenting the concentra- 
tion of potassium. These effects of calcium and potassium on the 
rhythmic action initiated by another chemical agent might be antici- 
pated from our knowledge of their effects on the electrical excitability 
of axons. It is, perhaps, worthy of comment that, regardless of whether 
the acetylcholine, calcium, and potassium act upon the same or different 
parts of the irritable mechanism, their combined effects become mani- 
fest in a modification of the rhythmic process which initiates the 
propagated impulses. 

This repetitive process, w'hich is a latent characteristic of nerve, is 
revealed in the discharge of impulses initiated by sensory stimulation 
or by chemical action. It is also to be observed in the periodic activity 
of nerve cells which are excited by the arrival of impulses in adjacent 
pre-synaptic endings. When the preganglionic fibers entering a ssrm- 
pathetic ganglion are stimulated by repetitive electrical shocks of Wgh 
frequency, the cells discharge repetitively, but at a much lower fre- 
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quency. Fui^thermore, the cell& discharge their impulseb in no fixed 
temporal relation to the incoming, excitatory impulses. In short, the 
cells which are activated through the pre-synaptic endings initiate im- 
pulses at a frequency that depends ui>on the characteristics of each cell, 
as well at upon the frequency and the number <»f pre-b>maptic im- 





Fioube 18 Impulbes dischaiged b> a few 5 >inpathetic ganglion rellb m le^pon-^^ to btuiiii- 
lution of the preganglionic nene at a frequenoj' of 50 pez second. The ganglion was perfuhed 
with a modiJSed HingerN bolution comaining \anoiis amounts of calcium chlonde 
Uppermost record, 4 4 mM, middle reeoxd, 2 2 m^I; bottom retoid, 1 1 ra!M The middle lec- 
ord represeat^^ the noininl lo\ el of calcium 
Time m 0 1 *>eeonds 

pulses.-' If these cellular characteristics are modified by any means 
iby nerve impulses or by chemical agents) , the rhythmic processes are 
altered, and this modifies the frequency of then’ action. 

Such a modification of the rhythmic response of a nerve cell to neural 
activation can be accomplished, as would be expected, by varying the 
concentrations of calcium ions in the synaptic regions (figure 18 1 . If 
actinty is excited in a ganglion cell by trains of pre-synaptic impulses, 
the frequency is decreased by raising the concentration of calcium in 
the perfusion fluid. Alternatively^ the frequency of the impulses dis- 
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charged from the ganglion cells can be increased by decreasing the cal- 
cium concentration. It must be said that a further reduction of cal- 
cium in the perfusing solution may cause a complete block of ganglion 
cell excitation by impulses in the pre-synaptic fibeis. 

VI 

Some evidence regarding the nature of the cellular events which 
cause the more or less rhythmic discharge of impulses from a chemically 
excited region of nerve can be derived from a consideration of the 
temporal distribution of the impulses. Such a study suggests that there 
is a rhythmic excitatory process in nerve, of a fairly constant frequency, 
which may or may not produce an impulse each cycle. Definite evi- 
dence from several sources is now available for the existence of such a 
process. The role it plays in the regulation of the frequency of con- 
ducted impulses will be discussed in the following pages. 

The earliest work on the discharge of impulses in single neurons re- 
vealed a temporal distribution of impulses that was more or less regu- 
lar, but not quite periodic. Thus, one of us in 1928, when commenting 
on the failure of the discharge from a fatigued muscle tension receptor, 
remarked that “one or more impulses drop out of an otherwise fairly 
regular series, the impulses becoming more and more scattered.”®® The 
longer intervals were observ'ed to be approximately equal multiples of 
the shortest time inteiwal between successive impulses. Adrian observed 
a similar phenomenon in the discharge of injured mammalian nerve 
fibers,^® and such irregular intermittence appears in Pumphrey’s®® rec- 
ords of impulses from taste receptors. More recently, this occasional 
omission of impulses from an otherwise regular series was observed dur- 
ing the repetitive discharge caused by super-threshold direct current 
excitation (Erlanger and Blair,®® Fessard®*) . 

This same irregularity in the temporal distribution of impulses is a 
prominent characteristic in our experiments upon chemically excited 
axons. This will have been evident in some of the preceding records, 
but, for the more precise analysis of this phenomenon, additional ex- 
periments will be presented. The fibers were excited by removing Ca*® 
from a short length of nerve, by means of sodium citrate, as previously 
described. The measurements were made on records taken when the 
nerve was producing impulses at a constant average frequency. Under 
these circumstances, the temporal distribution may be regular or ir- 
regular. 

The magnitudes of the time interi'als between successive impulses in. 
« certain series obtained in the above manner are plotted in figube 1&, 
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as a function of the number of the impulse in the sequence. Obviously, 
the intervals are grouped about certain values, which are 6, 12, and 18 
milliseconds. These same data are presented in the form of a dis- 
tribution plot in PiGUEE 20, where the number of interv^als in a certain 
range is plotted against the length of the interval. Since the ordinate 
is a measure of the probability of occurrence of the interval indicated 



NUMWII OF n^ULSf M TRAIN 

Figueb 19. The inten^als betr^een unpulj>es recorded from e chemica’Iv excited pingV filler 
(frog) are appioximately mTegral mi’t.p es of a lea«t mtM\al. In this fiber, the least mteixal 
was about 6 milliseconds. Stunulation by localized remo\al of calcium tiora the axon. 

on tlie axis of abscissae, it is obvious that all intervals are not equally 
probable. The most probable values are 6, 12, and 18 milliseconds. 
In all the frog fibers tlius far examined, the most probable values of 
the least interval are in the range of 3-6 milliseconds. 

The aliquot relations between these most probable values for the 
fiber just cited suggest, again, that the longer intervals are due to the 
omission of one or more impulses from an otherwise continuous series. 
Such omissions could be due to failure of the impulses to be initi-ited in 
the chemically excited region, or to blocked conduction between that 
region and the recording electrodes. If the nerve is stimulated at 
high frequency by repeated electric shocks, the impulses travel over 
the nerve fiber and through the treated region. Consequently, there 
is no reason why each impulse initiated by chemical excitation should 
not, likewise, be conducted to the recording electrodes. We conclude, 
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It is? diflScult to account for these observations, except on the assump- 
tion that there is, in this nerve fiber, some rh>i:hmic process, with an 
average period of 6 milliseconds, that maintains its rhythmic quality in- 
dependently of the initiation of impulses, once the impulses are started. 

Arv^anitaki^' and Hodgkin have presented evidence that an impulse, 
initiated by electrical stimulation in unmyelinated nerve, develops 
from a local electrical response which occurs at the site of stimulation. 
Arvanitaki also showed^" that this local response, which is elicited by 
electrical stimulation, may be cyclic in nerves deprived of calcium. 
Using the giant neiwe fiber of the squid, W’e have studied the develop- 
ment of this local electrical response in nerves excited solely by the 
removal of calcium. We had two objectives: 111 to sec if the local 
response appears before the initiation of the first impulse in a train, 
and 12| to ascertain whetlier a rhythmic^ local response could be pro- 
duced chemically, and independently of conducted impulses. 
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When part of a squid giant fiber is deprived of calcium ions, trains 
of impulses are initiated in this region and conducted to the recording 
electrodes. The nerve behaves, in this respect, exactly like the 
myelinated nerve of a frog, but here conditions are more favorable for 
recording the difference of potential between the chemically excited 
region of the fiber and a remote portion. WTien this is done, it is found 
that the conducted impulses are preceded by a series of local periodic 
potential changes of variable amplitude and relatively constant fre- 
quency“ (FiorRE 211. The spacing between adjacent peaks of the 



Figure 21. Local electrical responbe, lecorded from a chemically e'ccited legioii of gunt a\on 
of squid, IS obcillatory and precedes the conducted impulses. The last ten oscillations on the right 
of the record initial propagated impulses, which are much larger m amplitude than ohown. 
Stimulation by topical application of isotonic sodium chloride. 

local response, just before the conducted impulses appear, is the same 
as the spacing between the conducted impulses. It is ob'vdous, as 
Arvanitaki concluded,^^ that the frequency of conducted impulses along 
the giant axon is determined by the frequency of the local excitatoi*}" 
process. 

If relatively little calcium is removed from the nerve, local periodic 
electric changes may be observed which do not initiate propagated im- 
pulses. The local process is an essential part of the excitatory mecha- 
nism, but the cyclic changes initiate impulses only when a given cycle 
is of suflScient magnitude. Furthermore, the frequency of the local 
process is essentially independent of whether or not a conducted impulse 
is initiated by each cycle. 

Figure 22 gives the frequencies of conducted impulses observed in 
nerves treated with solutions containing different concentrations of Ca'^, 
or with sodium citrate. The frequencies var\" from 250 to 400 cycles 
per sec. This range is comparable to that which is characteristic of the 
undamped natural frequency of the nerve membrane, as calculated by 
Cole and Baker from impedance measurements on squid nerve. This 
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parallelism between the range of frequencies in the local rhythmic re- 
sponse, the fundamental frequency in the trains of chemically initiated 
impulses, and the undamped natural frequency of the resting nerve 
membrane, support Cole’s suggestion®* that it is the structural charac- 
teristics of the membrane which govern the periodic activity of nerve. 

Two frequencies of nerve action have been described in the foregoing 
discussions of the response of nerve to chemical excitation. One is the 
average number of impulses conducted along the nerve per second; the 
other is the fundamental and relatively constant frequency of the 
excitatory process, which has, in the case of squid nerve, been identi- 
fied with the local electric response. 


Nerve 

A 

B 

C 

S flOBa 

Calcium 

No 

Calcium 

No Calcium. 

80 mm. 

Sodium Citrate 

1 

260 



2 

_^50 



S 

300 



4 

250 

S5o 


260 

290 

4bo 

6 


260 

310 

6 _ 



340 

7 


260 

290 

8 


300 

550 

9 



240 

10 



290 


Solutions are modified sea water. Cal- 
cium and magnesium omitted in B and C, 

MaOTesium omitted in A. KCl concen- 
tration and pH are same as in sea water. 

FtGUKB 22. Values for the fundamental frequent^’ observed in 10 slant axons of the squid (Loligo 
pwuh estimated from frequency of conduct^ impulses. Stimulation by topical application of in- 
dicated isotonic solutions. 

The relation between these two frequencies is illustrated by the fol- 
lowing experiment, which makes use of the fact that a polarizing cm:- 
rent may modify the average frequency of impulses discharged from a 
calcium-deficient region of nerve. In fioubb 13, the outward flow of 
current across the chemically altered nerve membrane caused a tran- 
sient increase of the average impulse frequency. The distribution plot 
for the intervals between impulses from the non-polarized nerve is 
shown in the lower half of nctFEE 23. The intervals between some im- 
pulses were 3.2 milliseconds; other impulses recurred at intervals which 
were about two times this value. 

In accordance with the concepts which have been developed in this 
section, we may say that there was a rhythmic excitatory process, in the 
chemically modified portion of the nerve, of a fairly constant frequency. 
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Figubb 23. The a\^ge number of impulses per second in a cbemicallv excited sms^e fiber (fn^) 
can be marivediv increa*S[, without much change m the fundamental penoa. , , . , . , 

Lower graph: Frequency of occurrence m a tram of impulses of mtervals having values moi- 
cflted on ihe a^cibbae btuuu’ation b\ topical application ol a ®04Ution c on t ain i ng &odium citrate 

The average number of conducted impulses per second was about 220. . , ^ r ■ ^ 

Upper graph; Similar anal>sis ot a consecutive senes of mipmses recorded at height of increaMO 
r»*pon**e ev oked b*' cathodal po’anzation of chcm cally treated region (see noniES 12 and 13^. 
The average number per second of conducted impulses was about 305. 

Some of these cycles of local change failed to initiate conducted im- 
pulses, and, accordingly, some of the intervals between successive im- 
pulses were integral multiples of the least time interval of 3*2 milli- 
seconds. The average impulse frequency was 220 per second. 
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A similar analysis ol trequency relationb, during the time of in- 
creased response caused by the cathodal polarization, was then made. 
The distribution of inters'als between impulses is plotted in the upper 
part of FIGURE 23. The total number of impulses there considered is 
the same as in the lower plot. During this time, the most probable 
period for the excitatoiy process was only slightly changed, but the 
probability that impulses would recur at the longer intervals was then 
practically zero. The action of the polarizing current caused more im- 
pulseb to be discharged at the basic interval, and this increased the aver- 
age frequency to 305 per second. In general, changes in this average 
frequency of impulses, caused by superimposed chemical or physical 
agents, occur with only slight modification of the most probable least 
interval. It should be pointed out, however, that, under certain con- 
ditions of intense stimulation, this interval can be decreased. 

Since the temporal distribution of impulses initiated by chemically 
excited nerve appears to be regulated by a local rhythmic process, which 
is determined by the intrinsic characteribtics of the nerve, the possibil- 
ity arises that the same inechaniMii may govern the discharge of im- 
pulses from naturally excited sense organs and motor nerve cells 
Whether the mechanisms described above do have such a general sig- 
nificance, mu^^t wait upon further investigations. 
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ELECTRICAL CHARACTERISTICS OF 
ELECTRIC TISSUE 

By R. T. Cox, C. W. Coates, and Vertneb Bbown 

The Department of Physics, The Johns Hopkins University, Baltimote, Maiyktnd; 

Tne New iork Aquanum, New York Zoological Society; and the 
Department of Physics, College of the City of New Yo}k. 

The group of electric fishes comprises a number of very different 
varieties, both fresh water and marine. All of them possess special 
organs capable of producing transient electric discharges, which, in 
some species, are quite weak, but in others, are powerful enough to give 
a severe shock. These organs vary mdely among the different species 
in their shape and size and in their position and orientation in the body 
of the fish. They ai’e alike in having a common unit of structure, the 
electroplax. 

The arrangement of the electroplaxes has its highest geometrical regu- 
larity in the electric rays, Torpedo and Narcine}* ® In the electric or- 
gans of these genera, they are piled in columns, an average one of 
which contains about 400 electroplaxes in Torpedo marmorata and per- 
haps 300 in Narcine brasiliensis. Each column extends from the ven- 
tral to the dorsal surface of the body. A number of them, side by side, 
form each of the two electric organs, which lie in the disk-like body of 
the fish to the right and left of the body ca\’ity, just outside the line of 
gill slits. In each organ, there are four or five hundred columns in 
Torpedo marmorata and Narcine brasiliensis, and about a thousand in 
T. occidentalis. During the discharge, the current traverses each organ 
in the direction from its ventral to its dorsal face. Thus, the columns 
of electroplaxes discharge in parallel, while, within each column, the 
electroplaxes act in series (figuee 1). 

In Torpedo and Narcine alike, the electric tissue comprises about one 
sixth of the whole volume of the fish. In the electric eel, Electrophorus 
electricuSj it makes, by contrast, about one half. Organs of such a size 
must conform, in part, to the shape of the fish, and hence there cannot 
be so regular an arrangement of the electroplaxes as in the rays. It is 
customary to distinguish in Electrophorus three pairs of organs: the 
main organs, which extend along the posterior four-fifths of the length 
of the fish ; the much smaller organs of Hunter, which lie under the main 
organs along their entire length; and the organs of Sachs, which lie 
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Figibb 1. Embi^o Xartine hriutilieribn^, dorbal and \enual \iev(<6. N^ative faceb of dectnc 
ofigans at e, e. (From Zoologica.) 

over the main organs in the posterior half of the fish. The organs of 
Hunter are separated from the main organs only by a thin layer of 
muscle, and the tissue is identical in adjacent parts of the two pairs of 
organs. It seems more reasonable to regard the organs of Hunter as 
parts of the main organs than as a distinct pair (figtibe 2) . 
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The main organt are of nearly uniform cross-teection tor some dis- 
tance from their anterior end, but they taper toward the tail, conform- 
ing to the ventral surlace of the body and, in the posterior portion, to 
the under surface of the organs of Sachs. Although this tapering pre- 
vents the arrangement of electroplaxes in uniform columns, the series- 
parallel array already noted in the rays i&, nevertheless, clearly dis- 
cernible. In Electrophoniis, the axis of polarity is along the length of 
the fish. Thus, the organs, in comparison with those of the rays, are 
verj^ much elongated along the line of series connection of the electro- 
plaxes. 


C A C A,C 



Dravrinj; b\ Ralph Graeter 


FiGtBL 2. Eh(twi>hiuU'<,, dkm iemo%Hl to thua iht elcctiii oigans 

A mam oigans, B oigans of Satli'', o\«lapping the mam oigans, C organs of Hunter. 
(From Bull X Y Zool Soc ) 

This contrast between the most highly specialized electric fishes of 
the fresh-water and marine groups has a significance which seems to 
have been noticed first by du Bois-Reymond.^ The combination of a 
fixed number of electromotive elements to supply power to an external 
circuit of gh'en resistance is a well-known problem in the theory^ of 
electric networks. The solution of the problem shows that maximum 
power will be delivered to the external circuit by the combination of 
the elements in a series-parallel an-ay, such that the resistance of the 
combination is equal to that of the external circuit. Thus, if the 
external resistance is high, more electromotive elements will be joined 
in series; if it is low, more will be joined in parallel Fresh water has 
a much higher specific resistance than sea water. Consequently, if the 
condition for maximum external power is equally approximated in the 
different genera, the organs of the fresh-water fishes will be elongated, 
and those of the marine fishes will be flattened, along the axis of polar- 
ity. ilost of the varieties confirm such a generalization. The electric 
skates, which are marine fishes ^ith weak electric organs elongated in 
the direction of the axis of polarity, make a rather puzzling exception. 

The arrangement of the electroplaxes, by means of which the main 
organs of Electrophom are accommodated to the tapering body of the 
fish, is simple and rather interesting.'*’ ■* It is best described in terms 
of a transverse slice just thick enough to contain a single layer of elec- 
troplaxes, Near the anterior end of the organs of a fish about 1 meter 
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long, the thickness of this single electroplax layer is about .01 cm. In 
fish of this length, the cross-section of the organs near the anterior end 
has an average area of about 30 cm^. Hence, the volume of the single 
electropax layer is 0.3 cm^. The organs taper caudally, but, as the 
cross section decreases, there is a compensating increase in the thickness 
of the layer, and the volume is nearly uniform over most of the length 
of the organs. The structure is much as if uniform layers were assem- 
bled in a long column, and then the column were drawn out thin toward 
one end, the layers being changed in shape, but not in volume. 

These long organs found in Electrophorus offer remarkable advan- 
tages in the study of the action of electric tissue in the living fish. The 
series array of electroplax layers is accessible for electrical connection 
all along its length, rather than only at the ends as in the rays. The 
variation in structure makes it possible to compare in the same speci- 
men the electrical characteristics of electroplax layers of very different 
dimensions. Also, Electrophorus, which comes to the surface to breathe, 
can be kept for some time out of water without injury, and the elec- 
trical characteristics of its tissue remain constant during an interval in 
which it can produce a thousand or more electric impulses. 

In our observ^ations, the fish is removed from the water and laid in 
a dry wooden trough. Electrodes made of aluminum strip 1 cm. wide 
may be placed in any of a number of slots in this trough. These make 
contact with the skin adjacent to the electric organs and, when they 
are connected to a cathode-ray oscillograph, it is possible to record 
photographically the discharge of the part of the organs included be- 
tween the electrodes (figure 3). The measurements made with the 
oscillograph are found not to vary appreciably with the area of con- 
tact between skin and electrode, pro^dded this area is not less than a 
few square centimeters. Of course, no appreciable dependence on the 
choice of a metal for the electrodes is to be expected, since the voltages 
measured are very much greater than any contact potential differences. 

"When the electrodes are at the extremities of the main organs of a 
mature specimen, and the external circuit is open, so that there is no 
electric current outside the body of the fish, the average peak voltage 
is about 370 volts.® The highest voltage we have measured is 650. 
There is also a discharge of much low’er voltage, which is evidently pro- 
duced by the organs of Sachs, since it is observed only when some part 
of these organs lies between the electrodes. In immature specimens, 
the voltages are smaller. The voltage of the main organs increases 
with their length, at an average rate of 8 volts per cm., until the organs 
attain a length of about 50 cm. The organs may ultimately attain 
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three times this length, but, in any group of longer specimens, the varia- 
tions in voltage appear to be random. 

By measuring the peak voltage between electrodes 5 or 10 cm. apart 
at different places along the organs, it is possible to compare the volt- 
age per cm. in different parts At the anterior end, where the number 
of electroplax layers is greatest, the voltage per cm. is also greatest. 
It decreases caudally, as the electroplax layers thicken. The voltage 
per electroplax layer is roughly uniform along the organs In four 


(^) 





FitiiSB 3 Oscillogiaphic traceb of the du>chfli 9 ;e oi Eiectrophoruti 
fa) An uiipulbe from Sachs* organs follo’aed b\ impulses from the mam organs; sweep 
peiK^, 50 msec. 

<b) Impulses from the mam organs, superimposed l)\ suict*sM\e sweeps; sweep period, 4 
msec (From Zoologies ) 

specimens, values from 0,11 to 0.16 volt were found at the anterior ends 
of the organs. Somewhat lower values are found in the posterior parts, 
but, over most of the length, the voltage per electroplax layer is 0.1 
volt or more.®» * Values around 0.1 volt per electroplax layer are found 
also in Narcine brasiliensis. In Narcine, however, and also in Torpedo, 
the voltage of the organs varies widely with the condition of the fish. 

When a conductor is coimected between the electrodes, so that the 
electric tissue produces an external current, the peak voltage is lower 
than with the external circuit open. If care is taken not to tire the fish, 
the voltages obtained with a given resistance are reproducible. The 
resistance R of the external conductor being known, the external cur- 
rent I is found from the measured voltage V, by the relation, I = V/R, 
When conductors of successively lower resistance are employed, the 
voltage continues to decrease, as the current increases. The results of 
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such a series of measurements are most conveniently shown by plotting 
the values of the voltage against the values of the current, one plotted 
point representing the voltage and current obtained with a given re- 
sistance (FiGfBE 41. It is found that the points lie near a strai^t line 



FiGtBB 4 Peak \oltase i> peak current in external circuns of different lebistance joining elec- 
trodes on mam organs of Electrophonu (From J. Gen. Phvsiol ) 

with both the electric eel and the electric rays.^ The meaning of this 
result is that the electric tissue, at least at the peak of the discharge 
and within the uncertainty of the measurements, can be described elec- 
trically in terms of electromotive force and ohmic resistance. 

If the external resistance were made negligibly small, the voltage 
also would be negligible. The corresponding current, estimated by 
extrapolating the straight line of the graph to zero voltage, is the maxi- 
mum current of the organs. This maximum current varies from one 
specimen to another and, in Electrophorus, it varies between different 
parts of the main organs. In an average specimen, aroimd 1 m. in 
length, it is about 1 amp. at the anterior end of the main organs. Values 
of about 4 amp. have been found in adult specimens of Karcine 
brmilienm, and a value of 120 amp. was roughly estimated in a single, 
very large specimen of Torpedo occidentalis.^^ ® 

These great variations are due more to differences in the cross-sec- 
tions of the organs than to differences in the electrical characteristics 
of the tissue. The maximum current per unit area of the electroplax 
layer was found to have values in Electrophorm from .02 to .06 amp. 
per cm.®, the average being about .04. In Narcine brasiliensis, the 
value is about 0.1 and, in the specimen of Torpedo occidentalis just 
mentioned, it was about 0.2 amp. per cm.® (In this calculation and 
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others to follow, it implied that the two paired organs discharge simul- 
taneously. In Xarcme an<l Torpedo, where the organs are far apart, 
a simple experiment shows this is true. The evidence in respect to 
Elect rophoruii points to the same conclusion, but it is not certain.) 

If opening the external circuit prevented any current in tlie organs, 
the voltage measured Tvitli the circuit open would be equal to the elec- 
tromotive force of the part of the organs included bet\^een the elec- 
trodes. Then, the maximum voltage per electroplax layer would be 
equal to the electromotive force oi the layer, and its quotient by the 
maximum current per cm.^ would be the resistance of 1 cm.- of the 
layer at the peak of the discharge. However, even with the external 
circuit open, there must be closed circuits within the body of the fish, 
during the discharge. Consequently, the voltage per electroplax layer 
must be somewhat less than the electromotive force of the layer. Its 
quotient by the maximum current per cm.- is still of some significance 
as a lower limit for the resistance of 1 cm.= of electroplax layer. It 
seems likely, also, that this lower limit is not very much less than the 
actual value. In Elect rophorus, minimum values thus found for the 
resistance of 1 cm.- of electrcjplax layer have varied in different speci- 
mens between 2 and 5 ohms. In two specimens of Xarcme brafiiliensis, 
the values were about 1 ohm. 

It is interesting that, in Electrophoria^, the resistance of unit area of 
electroplax la^’^er does not increase caudally, although the thickness of 
the layer increases about ten-fold from the anterior to the posterior end 
of the main organs. This suggests that the resistance resides prin- 
cipally at boundaries in the electric tissue. 

From the observatioufa considered thus far, it is been that the single 
electroplax layer in Electrophorm hab characteristic electric quantities 
which are rouglily uniform, in spite of wide variations in the arrange- 
ment of the electroplaxes and in the size of the fish observed. Also, 
in those cases in which comparison has been possible, it is found that 
these quantities have the same order of magnitude in Xarcine and 
Torpedo as in Elect rophorus. 

We have studied, in a number of different specimens of Electrophorus, 
the variation during an impulse of the electrical characteristics of the 
tissue."* The oscillograph was connected, as already described, to 
electrodes placed 10 cm. apart against the main organs of each speci- 
men studied. ImpulbCb with the external circuit open and closed, 
through resibtances from 400 to 50 ohms, were recorded photographic- 
ally. With each specimen and each value of the external resistance, 
measurements were made on a number of oscillographic traces at each 
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of several short time inteivals after the beginning of the impulse. Val- 
ues of the voltage measured at any one interval, with a given fish and a 
given external resistance, were then averaged. As with the measure- 
ments at the peak of the impulse, the results are conveniently shown by 
plotting the voltage against the external current. A typical set of 
measurements is thus sho^vm in figube 5. The points along any one 



Fjguse 5. Each line shows voltage vs, current at one instant, in external drruits of different 
resistance joining dectrodes on mam organs of Electro jhonu, (Fiom J. Gen. Physiol.) 

line show values of voltage and current obtained with different external 
rcastances, at the same interval after the be^nning of the impulse. 
The graph farthest to the top and right shows the measurements at the 
peak and, thus, corresponds to the single graph shown in figube 4. The 
other two graphs show the measurements at two later instants during 
the impulse. 

Althou^ a straight line cannot be drawn precisely through the 
plotted points of the measurements at a given interval, we have been 
unable to detect, in the series of observations, as a whole, any system- 
atic de\'iation from a linear relation. It appears, therefore, that the 
tissue can be described electrically in terms of electromotive force 
and ohmic resistance, not only at the peak of the impulse, but at other 
times as well. 

A ample diagram for such a description is shown in figube 6. In 
reference to this figure, let E denote the electromotive force of the part 
of tlie organs included between the electrodes at p and q, and let r de- 
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note the internal resistance. The current in whatever circuits are 
closed within the body of the fish is treated, somewhat arbitrarily, as 
traversing a single path of resistance, jB'. 
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Fioube 6. Simple diagram for descnbmg the impulse from the mflin organs of Blectrophonu, 
(From J. Gen. Physiol.) 


Let i, I, and F denote the currents in r, R, and B', respectively. Since 
the current i branches to form the currents I and I', it follows that; 

i = I + r. 

Let V denote the voltage measured by the oscillograph, connected at 
p and q. This voltage may be reckoned in any of the three branches 
of the network, and, thus, we obtain three expressions for V, as follows: 

V = IR, V = I'R', V -= E -ir. 

F.liTninftting i and r, among these four equations, we obtain two ec- 
pressions for the external current I in terms of the voltage V : 



The first of these equations is used to find the current I from the 
measured voltage V, by means of the known resistance R. The values 
of I and V are plotted as in figxjbe 5. The other equation is then used 
to interpret the graph so obtained. If the resistances r and R' axe 
ohmic, they are constants in this equation, which is then a linear rela- 
tion between I and V, such as is actually found to exist. If, in this 
equation, we let V = E, we find the corresponding value of / to be 
—E/B'. If we suppose that E and B' have the same values at dif- 
ferent instants during the discharge, this equation states that the 
graphs for the different instants, when extrapolated to negative values 
of I, will intersect at a point. The co-ordinates of this point, moreover, 
■will determine the values of E and J!^^ 

Actually, the lines sliown in the figure, which are typical of those 
obtained from measurements after the peak of the impulse has been 
attained, do nearly meet in a point. The fact that the graphs of the 
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measurementb at later instantb are bteeper than the graph of the peak 
values, indicates a rite in the internal resistance after the peak is 
passed. 

These results led us, earlier, to suppose that the electromotive force 
might be constant througliout the impulse and between impulses as 
well, the discharge being caused by a transient drop in the resistance 
from a verj" high resting value.^ At that time, we had not succeeded in 
plotting graphs of voltage and current at instants during the brief 
interval of rising voltage. Both the steepnesb of the rising phase of 
the oscillographic trace and its consequent faintness in the photo- 
graphs made measurement difficult in this interval. ^Measurements 
which we have made more recently have obliged us to reconsider our 
earlier opinion The graphs of voltage and current obtained from 
measurements during the interval of rising voltage do not meet at a 
point, iloreover, even during the interval of falling voltage, we find 
that deviations, which were formerly within our estimated errors of 
measurement and which we, therefore, supposed were accidental, ap- 
pear consistently in the later observations. 

The variation in resistance during the interval of falling voltage 
seems, in any case, well established. It seems probable, also, that the 
electromotive force i*^ at least approximately constant during this phase. 
Our immediate object is an estimate of the total electric energy pro- 
duced in an impulse. Fortunately for thib purpose, the time after 
the attainment of peak voltage is most of the duration of the impulse. 
Although the changes in the electrical characteristics, during the brief 
phase of rapidly rising voltage, remain uncertain, the assumptions made 
about them in the calculation of the energy can be varied videly, with- 
out changing the result by more than about 10 per cent. 

From the equations already given, it follows that the current i 
traversing the electric tissue is related to the (*urrent L measured in 
the external circuit by the equation: 

? = (1 + i? /?')/. 

In this equation, Jf is known, and i?' is determined by the intersection 
of the voltage-current gi'aph^*. Thus, the current in the electric tissue 
is found. 

The charge q which passes through the tissue in one impulse is 
given by: 

q = /fdf. 

where t denotes the time, and the integration is performed over the dur- 
ation of the impulse. The integration can easily be done graphically. 
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The charge passing through 1 cm.^ of electroplax layer is found by 
dividing q by the cross-sectional area of the electric organs. (The 
measurements were made at the anterior end, where the cross-section 
is nearly uniform. ( Since the fish on which the measurements were 
made were not killed, the cross-section had to be determined indirectly 
from external measurements. Two methods were employed. In the 
first method, the girth of the fish was measured. The cross-section of 
the organs was then estimated by comparison with measurements on 
dissected fish, on the assumption that the cross-section of the organs 
bears a constant ratio to the square of the girth. In the second 
method, a simple mechanical device was employed to trace the outline 
of the cross-section of the live fish. The area enclosed by this outline 
was measured, and the cross-section of the organs was taken as 59 per 
cent of the total area, this percentage having been obtained from meas- 
urements on a number of dissected specimens. When both methods 
were used, the agreement betw'een the results was fairly good, the 
values determined b^" the two methods shotting a mean deviation of 
around eight per cent. 

(However, the use of only the first method, in another experiment, 
led to a rather serious error.* The number used then as the ratio of 
the cross-sectional area of the organs to the square of the girth of the 
fish was obtained from measurements on only two specimens. Also, 
the girth of these sections was not measured in the same way as on the 
live fish, and this led to a further discrepancy, which was increased 
when the girth was squared. The correction of the resulting error to 
accord with our new measurements on a larger number of specimens 
requires that the values of electric energy per gm. and impulse given 
in the paper referred to should be reduced about 40 per cent. Instead 
of inferring, as we did in a subsequent paper/ that the total electric 
energy is about equal to that of the breakdown of phosphocreatine and 
the production of lactic acid, we should now infer that the electric 
energy is about six tenths of the sum of the energies of these two chem- 
ical processes. The correction brings this result into fair agreement 
with that reported by Nachmansohn, elsewhere in this volume.) 

The electromotive force of the part of the organs included between 
the electrodes was determined by the point of intersection of the volt- 
age-current graphs. This quantity was divided by the distance be- 
tween the elctrodes, to give the electromotive force per cm. along the 
column of electroplax layers. The product of the electromotive force 
per cm., regarded as constant during the impulse, by the charge travers- 
ing one cm.® of electroplax layer, is the total electric energy per cm.* 
produced in one impulse. 
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The charge passing throng the organs, and hence, also, the energy, 
depend on the resistance of the external circuit, as well as on the elec- 
trical characteristics of the tissue. For comparison with the chemical 
measiu'ements, it is, of course, essential that the external resistance 
should be the same in the electrical, as in the chemical, experiments. 
Otherwise, Ihe choice of an external resistance is, within limits, un- 
important. The hsh on which the electrical measurements have been 
made form three groups according to size, with average lengths of 
67, 103, and 180 cm. We have used an external resistance of 200 ohms 
with the two groups of smaller length, and of 100 ohms with the other 
group. These resistances were rougjhly the same as the internal re- 
sistances, averaged over the time of the impulse, of the part of the or- 
gans between the electrodes. Consequently, the condition of the ex- 
periment approximated the requirement for maximum energy in the 
external circuit. 

The results are summarized in table 1, which shows, for each speci- 
men and for the average of each group, the electromotive force per cm., 
the charge passing in one impulse throu^ 1 cm.® of electroplax layer, 
and the total electric energy produced in one impulse in 1 cm.® of elec- 
tric tissue. With the electrical units employed, the product of the elec- 
tromotive force per cm. by the charge per cm.® would give the energy 
per cm.® in microjoules. For more convenient comparison with the 
chemical ener^es reported by Nachmansohn, the energies have been 
given, instead, in microcalories. Since the tissue has nearly tmit spe- 
cific gravity, the energy per cm.® may be taken as the energy per gm., 
without serious error. 

It has already been mentioned that the assumption made in the cal- 
culations, that the right and left organs discharge simultaneously, 
though probable, is still unproved. If the fact should be that the or- 
gans discharge sepsirately, then the given values of the charge per cm.® 
Sind the energy per cm.® would have to be doubled. The same correc- 
tion would have to be applied to the values of the chemical energy, and, 
therefore, the comparison of the electrical and chemical energies made 
by Nachmansohn is valid in either case. 

The individual values of electromotive force per cm. show a mean 
deviation of 12 per cent from the average of the group. The mean 
deviation of the charge per cm.® is 15 per cent, and that of the energy 
per cm.® is 23 per cent. Hie risk of a serious uncertainty in the aver- 
ages, beyond that indicated by these deviations, depends on the posq- 
bility that the equations used in the computation are seriously in error. 
The evidence by which they were justified has silready been given. 
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Table 1 


Electrical Mbastbemexts ox Elcctrophorus 



Len^ 

fish 

(cm.) 

Cross- 

section 

of 

electric 

ox^ans 

(cm.*) 

Electro- 
motive 
force 
per cm, 
(volts) 

1 

Charge 
per cm.* 
and 

impulse 

(nucro- 

coulombs) 

Energy 
per cm.» 
and 

impulse 

(micro- 

calories) 


60 


20 

11 

55 


62 

12 

15 

20 

72 


65 

13 

15 

18 

64 

External resistance, 


10 

19 

22 

99 

200 ohms 

68 

16 

23 

21 

118 


70 

14 


20 

95 


72 

13 

21 

21 

108 


74 

13 

20 

19 

89 

Ave, 

67 

13 

- 

19 

19 

88 


90 

28 

16 

18 

71 


93 

33 

13 

12 

35 


96 

23 

13 

14 

43 

External resistance, 

100 

32 

18 

14 

59 

200 ohms 

102 

38 

14 

12 



104 

31 

12 


29 


107 

31 

18 

13 

54 


112 

36 

12 

11 

32 


121 

27 

15 

16 

57 

Ave. 

103 

31 

15 

13 

47 

External resistance, 
100 ohms 

164 

169 

186 

187 

187 

188 

67 

70 

70 

67 

72 

66 

15 

12 

11 

10 

13 

10 

5.0 

9.5 

8.0 

8.7 

11.3 

10,8 

18 

27 

21 

20 

35 

26 

Ave. 

183 

69 

12 

8.9 

24 


It seems unlikely that the actual values of the electrical quantities 
should be much lower than those ^ven in the table. The voltage meas- 
ured with the external circuit open sets a lower limit to the possible 
value of the electromotive force. The maximum measured voltage is, 
on the average for all the specimens, 77 per cent of the value found for 
the electromotive force. It seems reasonable that the current in cir- 
cuits closed in the body of the fish should cause a voltage drop of 23 
per cent. Similarly, the charge passing through the external resist- 
ance, which is obtained directly from simple oscillographic measure- 
ments, sets a lower limit to the possible magnitude of the charge tra- 
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versing the tisfeue. This lower limit is, on the average, 82 per cent of 
the computed total charge. It seems unlikely that the external charge 
is, actually, much nearer than this to the total charge. From these 
considerations, we should judge it improbable that our assumptions 
involve a systematic error, whereby the actual values of the energy’* 
should be consistently more than about 15 per cent lower than those 
found by the method we have used. 

The question as to how much the actual values may exceed those we 
find, presents a greater uncertainty. Although, as was just explained, 
it is difficult to propose an equivalent network for the electric organs 
which will dissipate much less energy than we allow for in internal 
currents, there is no diflSculty in proposing a network to dissipate more 
energj". This follows from Thevenin’s theorem of electric networks, 
according to which any electromotive force inferred from external 
measurements may be regarded, alternatively, as the open-circuit volt- 
age of a concealed network containing a higher electromotive force. 
On the other hand, our calculations ascribe to the single electroplax 
layer an electromotive force about as high as any that are found at 
boundariefc in bioelectric phenomena. This suggests that the actual 
values of the electrical quantities are not yevy much greater than those 
we calculate. For the energy, which is the most uncertain of these 
quantities, twice the calculated value appears to be a safe upper limit. 
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SOME BASIC ASPECTS OF THE ACTIVITY 
OF ELECTRIC PLATES 

By Alfred Fessard 
Institut Matey, Pari,\ Fiance 

The most conspicuous manifestations of the activity of electric or- 
gans are: (a) the electrical discharge itself; (h) variations of the elec- 
trical conductivity of the tissue; Ic) thermal effects; Id) chemical 
(metabolic j transformations. 

Every indiridual feature of the total discharge is more or less closely 
associated with the species of fish examined, with its shape and dimen- 
sions, and with the structural arrangement of the physiological units 
(or electric plates) composing the organ. However, on the cellular 
dimension scale, the behavior of these plates shows a striking imity, 
and is generally considered as an ordinary bioelectric phenomenon. 
The classical conceptions of nerve physiology are applicable here, and 
these, combined with our rapidly progressing knowledge of neuromus- 
cular transmission mechanisms, have been used for explaining the pro- 
duction of electricity in these organs. Here, briefly exposed for each 
essential manifestation of activity, are the most significant facts in 
favor of the unitaiy^ conception, together with some details concerning 
our experimental contribution to this problem. 

A. The most recent determinations of the electromotive force per 
plate show, on Electrophonis electricus, a fairly uniform value: viz., 
0.14 volts ( Coates and Cox^^ ) . This is in agreement with the highest 
value found by Curtis and Cole'*’ for the action potential from the 
squid giant axon. As for the time course of the discharge, non-typical 
shapes are often observed (Cox, C'oates, and BrowTa'’!, which may 
wrongly be considered a^ representing the elementary process. Our 
owm research in this field has rlefinitely conrinced us that these non- 
typical w'ave shapes are due to statistical dispersion effects, the causes 
of w^hich are low velocity at the periphery and differences in length of 
winding nerve endings. 

In our experiments (most of them still unpublished Tce used organs 
of Torpedo marmorata and of Raia undulata. Our purpose was to 
record the discharge of a single plate and then to interpret the complex 
discharges in terms of their components. Columns of electric tissue 
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■were carefully isolated, and transverse slices about 1 millimeter thick 
cut out with fine scissors. Such fragments contain 10 to 20 plates, 
many of them damaged by the dissection. The intact ones retain a 
good excitability for hours. By transverse electrical stimulation at 
threshold values, it is sometimes possible to record responses which, be- 
yond all doubt, are elementary (plate 4A, lower record) . They obey 
the all-or-nothing law and are the conspicuous components of the com- 
plex waves obtained with slightly higher intensities. In Torpedo, thqr 
last 1.75-2.25 msec, (rising phase, 0.5-0.7 msec.) ; in skates (Auger and 
Fessard^) , they are much longer, about 12 msec, (rising phase, 2-2.5 
msec.) . Now the discharge of a w’hole column is noticeably of longer 
duration (plate 4A, middle record). In spite of the shortness of the 
nervous tracts contained in these small pieces of tissue, latencies vary, 
from less than 1 msec, to more than 4 msec., and dispersion of com- 
ponents lengthens the wave duration to 2 or 3 times its elementary 
value. The natural discharge starting off the whole organ is hardly 
longer. The long distance command is transmitted by high velocity 
fibers of large diameter, and these do not introduce such an important 
shift in components as do the thin nerve branches at the periphery. 

The elementary electrical process is, therefore, comparable to a nerve 
action potential, never being diphasic, as conduction is absent. Posi- 
tive after-potentials have never been observed. Mention must be made 
of some variations in the declining phase, which is sometimes longer 
than usual, especially in skates. In these cases, the discharge is more 
like an end-plate potential than an action potential. 

B. The analogy between the electric organs and other excitable 
systems retains its value when the electrical conductivity is studied 
during the discharge. Using the impedance bridge method, applied by 
Cole and Curtis“ to the squid giant axon, we have observed® a transient 
drop of impedance during the activity of Torpedo and Raia organs. 
Recently, Cox, Coates, and Brown®® have obtained indirect evidence 
of a diminution in ohmic resistance during the discharge of Ehctroph- 
orus electiicus. 

Plate 4B shows one of our records obtained with a double beam 
cathode ray oscillograph. The upper record is the discharge of an 
isolated column (iZaza), placed in one branch of an impedance bridge; 
the lower one shows the reappearance of the 16,000 cycles oscillation 
feeding the bridge. The two phenomena start simultaneously, instead 
of showing a shift as in the nerve, a fact easily interpreted as a lack of 
conduction The impedance change is slight, le^ than 10 per cent, but 
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here the presence of inactive tissue around the plates renders illusory 
any attempt to introduce quantitative measurements. 

C. In observations unfortunatolj' never repeated, Bernstein and 
Tschermak'® have shown an initial cooling of the organ, when the dis- 
charge was externally derived through a resistance. They interpreted 
this fact as being inconsistent with a chemical mechanism of the energy 
supply. Meyerhof-*® criticized this interpretation, without, however, 
denying the fact, which should be reinvestigated with the more per- 
fected methods now available. 

D. Recent investigations into the biochemistry of electric organs 
proved their metabolism to be quite similar to that of nerve tissue or 
striated muscle. Cholinesterase has been slio^m to be very abundant 
in electric tissue (concerning this significant presence of cholinesterase 
in electric organs, as at all neuronal surfaces, see Nachmansohn®®) . 
This fact implies that acetylcholine plays an essential role here, as 
elsewhere. 

It was under the impetus of Nachmansohn that research was under- 
taken by Feldberg, Fessard, and Nachmansohn to detect the prob- 
able presence of acetylcholine in electric organs, and to study the part 
it plays in the production of the discharge. In these experiments, posi- 
tive results were obtained in Torpedo organs. During stimulation, the 
ester appears in the perfusate, and arterial injections of micro-doses of 
acetylcholine produce long-lasting electrical changes.^®’ ®® 

The next step was when Nachmansohn and his collaborators’* dem- 
onstrated that cholinesterase is localized at the active surfaces in elec- 
tric organs, its concentration being strictly correlated with the maxi- 
mum voltage and, consequently, like the electromotive force, with the 
number of plates per unit length. Now the acetylcholine release is 
able to start the chain of reactions, beginning with the phosphorylated 
compounds acting in nerve or muscle metabolism, -which we now know 
to be present, together with the associated enzymatic system, in the 
electric organs (Baldwin and Needham,® Kisch,®* Nachmansohn et 
fli.*®). The research in this field has now reached a quantitative as- 
pect, and the energy liberated by the breakdown of phosphocreatine 
and the formation of lactic acid during the discharge can be compared 
■with the electrical energy released (Nachmansohn et aZ.®*) . 

In concluding this short survey, we can say that there is a striking 
convergence of data, allowing the electric plate to be put side-by-side 
with the nerve and muscle units, from the point of ■view of their electro- 
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chemical properties. However, some uncertainties persist as to the 
particular mode of production of their electrical discharges. We are 
still ignorant of the way in which acetylcholine may act at an inter- 
face to generate electricity. This ignorance is general, but we do not 
even know, in electric organs, where this active interface lies; and, to 
assign a definite physiological significance to the plate, we are faced 
with at least three different \iews. Although we are far from being 
able to give a satisfactory answer to these three debated questions, we 
shall briefly discuss the last two in the light of the experimental evi- 
dence W’e have obtained, up to the present, in om* research on the 
Torpedo. 

L PHYSIOLOGICAL SIGNIFICANCE OF THE ELECTRIC 

PLATE 

A. According to a current view, the electric plate is considered as an 
element of a true effector, and this implies the notion of its physiological 
individuality. As in the case of the muscle, this special effector would 
be normally set into acthity through a “relay” mechanism, and should 
show, by direct stimulation, an excitability of its own. This com- 
parison with striated muscle is all the more justified, as both effectors 
have a common embiyonic origin (the Malapterurus organ excepted). 
On the other hand, functional analogies seem to exist between the 
electrical discharge and the muscular contraction (Marey-**). 

B. However, the regi'ession of all vestiges of striation in the adult 
stage of the more powerful electric organs; the absence of myosin (re- 
placed by mueinM among the proteins of electrical tissues; and, above 
all, the simultaneous disappearance of direct and indirect excitability, 
under different conditions (nerve degeneration, fatigue, cooling) have 
throwm serious doubts upon the value of the analogy. Some authors 
have gone so far as to consider the possibility of a purely nervous ori- 
gin of the discharge. Gotch-^ wrote that *‘the excitatory electromotive 
change may be nothing more than the fact that when an excitatory 
process travels down a nerve, the nerve trunk becomes negative to its 
terminal cross-section.” The maximum value of a nerve action po- 
tential is the same as that of an electric plate, and it is suggestive to 
note that the elementary plate discharge and the single fiber action 
potential of the nerve commanding the organ have exactly the same 
duration (plate 4A, upper part ). Furthermore, the chemical data are 
far from being opposed to this conception, w’hich tends to reduce the 
role of the plate to that of a simple support for a richly expanding 
nervous branching. 
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C. Nevertheless, as Rosenberg points out in his Review on the sub- 
ject, it seems unlikely that the plate has only this passive role of 
support. Accortiing to our views, the main diflSieulty of a purely nervous 
theory lies in the fact that the orientation of the discharge does not 
agree with the symmetries offered by the nerve distribution. 

An electric organ is sometime^ described as an accumulation of modi- 
fied motor end-plates. This \iew is more in agi*eement than any other 
with the ontogenic facts and with the analogies suggested by histology. 
There are many nuclei in the plate near the innervated face, as in the 
sarcoplasmic sole of the striated muscle. Couteaux recently described, 
at the myoneural junction, a rod-like structure which is strikingly 
analogous to that long believed to be specific of electric organs.^^ 

The existence, now well established, of a localized response at the 
nerve-muscle junction (end-plate potential, e.p.p.), preceding the 
muscle fiber propagated impulse, renders the analogy still more e^^- 
dent. This e.p.p., like the discharge, is accompanied by an impedance 
change that follows the same time-course as that observed in electric 
organs (Katz^^) : i.e., a non-delayed rising phase and a maximum ef- 
fect near the inflexion point of the potential variation. 

Our experiments on small isolated fragments contribute to show that 
H;^T)othesis A cannot be retained, as it is really impossible to isolate the 
plate as a functional effector unit. They are also more in agreement 
with Hypothesis C than with B. 

a, AVe thought it useful, at first, to revert to the degeneration test, 
for the observations mentioned by Garten®^ w^ere not suflBcient in num- 
ber, and the methods for electrical detection have improved since that 
time. 30 animals were operated on and examined at different inter- 
vals after nerve sections on one side. Some sur\TLved more than 2 
months, and this was sufficient to detect histological signs of alteration 
in the terminals I Fessard and Pezard-®) . Such signs began to appear 
on our Torpedoes only 5 or 6 weeks after the operation (average tem- 
perature 14° C.). Before that, the organs were found excitable, al- 
though needing more and more current. Excitability in any form 
(electrical, chemical, mechanical) totally disappears after about 7 
weeks. Osmic acid staining then shows fragmentation of the last 
branches. Deprived of its terminal innervation, the electric organ is 
decidedly incapable of actmty. 

b. No sound conclusion can be deduced from the old results on 
poisoning by curare, ilost of the previous experimenters (namely. 
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Moreau, Babuchin, Gotch) denied its action, and this was, at first, also 
our opinion, as 24 hour immersions in 1 per cent curare solutions had 
no marked effect. In other experiments, we had noted that light cuts 
made with a razor blade along the longitudinal surface of a column did 
not interfere with its capacity for delivering good responses. We 
thought that this treatment might facilitate the penetration of drugs, 
and we immediately got a positive result (Auger and Fessard®) . 1 per 
cent solutions acting dxiring 1-2 hours abolish all excitability. As op- 
posed to the striated muscle, the electric organ becomes inexcitable after 
curarization. 

c. If the electric plate is a real functional unit, its activity must be 
greatly impaired or completely suppressed by severe mutilation. Iso- 
lated columns were divided lengthwise into three narrow strips, each 
plate being thus fragmented into 3 parts, and severely damaged. This 
is a complementary situation, compared to that of the nerve degenera- 
tion experiments, the plate itself being practically destroyed, but the 
finer nerve tracts at the endings being only partially damaged. In 
spite of this drastic treatment, the preparation remains excitable and 
gives discharges of smaller amplitudes, but of normal shape. 

d. One may object to the strict validity of arguments (a) and (6), 
as they concern situations in which the plate is modified in some way. 
For instance, after nerve degeneration, the organ shows some reduc- 
tion in thickness, and the curare poisoning may have altered the prop- 
erties of the plate. Results obtained with isolated intact columns may 
supply indirect, but more satisfactory, e^ddence. 

Using very strong electrical stimuli, we had expected to get a true 
effector response, as the nerve impulses would arrive during the re- 
fractory period of this hypothetical effector unit. Different electrode 
positions were tried, the results of which we observed from the point 
of view of threshold, latency, amplitude, and components of complex 
waves. The results show that any of these parameters (and the varia- 
tions thereof) depends upon, and can only be explained by, the char- 
acteristics of the nerve supply pattern. Tliey appear to be determined 
by the symmetry of the nerve distribution, not by that of the plates. 
These are some of our observations: 

1. No difference in latency or in the form of the discharge can be 
observed in supra-maximal longitudinal excitation, whether the cur- 
rent is or is not in the direction of the discharge. No systematic dif- 
ferences in threshold values were found. 
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2. In the lengthwise stimulation of Torpedo columns, the latency 
can never be reduced to less than a certain minimum (3 to 5 msec.), 
however strong the current (even if we approach the lethal value). 
This can be explained by the special distribution of neives in Torpedo 
columns, if one admits that excitation is always localized at the bend- 
ing points of the nerve branches. The situation is comparable to that 
in which Rushton®^ made his observations on excitation of bent nerves. 
Before entering the plates, the nerve branches run along the edges of 
the prismatic column, then each axon bends at right angles and, by mul- 
tiple division at the bending point, sends small transverse twigs to sev- 
eral plates. This point {'"bouquet de Wagner"'^) is at the same time a 
Ramder node, and we assume, as most likely, that it is the most distal 
one from which excitation can start in longitudinal stimulation. 

3. This assumption is confirmed by the fact that the latency is not 
irreducible. Strong transverse stimulations lower it to less than 1 
msec. (Auger and FessardM, clearly showing that the long latencies 
are due to nerv^e conduction in the plate plane, and not to some elabo- 
ration process in the plate itself. When the intensity is lowered, the 
transverse latency increases regularly, but never exceeds, in normal 
conditions, the shortest latency observed in longitudinal stimulation. 
This is perfectly comprehensible, if we localize the excitation at bend- 
ing points nearer and nearer the “bouquets de Wagner,'’ provided that 
we adopt the current opinion, according to which the threshold values 
diminish, the further we are from the nerv^e extremities. 

c. The non-existence of a relay action similar to that of the neuro- 
muscular command is further indicated by the absence of repetitive re- 
sponse when acetylcholine is injected intra-arterially into an isolated 
organ, although we have showm that this drug exerts, in this case, 
a marked depolarizing effect. 

/. Other drugs were introduced into the interior of the plates hy the 
same technique as described in I curare poisoning): eserineilO"^), 
which lengthens up to more than 4 times the declining phase of the ele- 
mentary discharge; atropin ilO* I, which suppresses all excitability in 
1-2 hours; curare, which has the same effect as atropin, but in doses 
ten times larger. During the comse of both intoxications, the threshold 
intensity progressively rises. The duration of the elementary dis- 
charge does not change or even become shorter. These data confirm 
the cholinergic nature of the nerves supplying the organ. They also 
add supplementary evidence in favor of the similitude between the 
electric discharge and the end-plate potential (cf. Kuffler®*’ 
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IL ORIGIN AND LOCALIZATION OF THE ELECTROMOTIVE 

FORCE 

These are largely a matter of speculation, as they now concern the 
level of molecular organization. Thermodynamic data on one hand, 
experiments '^itli microelectro<les on the other, would be most useful. 
Awaiting these, we must content ourselves with discussing the points 
on which experimental results are available: for instance, the most im- 
portant problem of plate polarization in the resting state. 

a. The classical hy])othesis is that of Bernstein.'’ This postulates a 
permanent superficial polarization of the plate boundaries. The arrival 
of a nerve impulse results in a local transient annulment of this polari- 
zation, in accordance \vdth the general assumption. Now, only one 
side of each plate is innerv^ated and capable of being depolarized. As, 
at rest, the potential difference between the two extremities of an elec- 
tric organ is approximately zero, in spite of the coupling in series of 
the plates, one must suppose an exact compensation of the electromo- 
tive force developed on one side of each plate by that developed on the 
OLlicr side (figure 2, Schema li. AYe thus arrive at that strange con- 
ception of two distant polarized layers, endowed with different prop- 
el ties and yet electrically charged in exactly the same way. Their 
properties are different, because one is supposed to discharge itself 
through a sudden internal leak due to collapse, while the other starts 
discharging without collapse into the external medium. Yet not a 
.^ign of a double evolution of potential can be observed in the course 
of the elementaiy discharge. On the other hand, these opposite layers 
are not situated in similar regions, from the point of \iew of tissue 
structure and chemical en\dronment. It is veiy unlikely that they 
should develop the same electromotive force. 

b. Another hypothesis has been recently proposed Cox, Coates, 
and Vertner Brown,’’ who assume a constantly present electromotive 
force, non-compens ited by another opposed electromotive force, but 
hidden by the high resisti^ity of an interface. This is not conceivable, 
in our opinion, without capacitive properties by which the interface 
appears as passively charged i ftoUre 2, Schema II » . According to the 
present concept, '‘the discharge would be started by a very large and 
rapid drop in the resistance.'’ AYe have seen that this drop in resist- 
ance really exists, but we cannot conceive of the resting voltage, sup- 
posedly present, being lowered, say from 500 volts to 5 millivolts, by the 
simple interposition of biological membranes, the resistances of which 
are, at the highest estimate, 1000 ohms/cm.* in tlie nerve interfaces 
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I Cole and Hodgkin^'*). Furthermore, electrometric determinations on 
isolated portions freed from the internal derivations normally present 
in the intact animal, should reveal much higher resting potentials. This 
was never observed. 

c. It appears to us that the following question should be resolved 
first: Do polarized layers really exist in the plate, pretious to its state 
of activity? To prove this, it is necessary to communicate in some 
way with the interior of the plates. 

1. We have tried piercing slowly a column from the electric organ 
of Torpedo with a fine metallic electrode and have observed small re- 
petitive discharges, due to a mechanical excitation, which we have shown 
to be caused by irritation of the nerv'e twigs encountered.® When the 
electrode is extremely fine, a number of plates may be perforated 
without being excited and without giving rise to those systematic vari- 
ations in potential we might expect when passing through one plate to 
the following. 

2. We also took small groups of columns, one of which w'e slit lat- 
erally with the edge of a heated blade. The measurements were started 
immediately with the ordinary method of opposition, one electrode be- 
ing placed on the killed region, the other as far as possible from it, on 
the intact tissue of the same column. The resting potential had to be 
dissociated from the long-lasting residuals of activity, following the 
excitation produced by the lesion ( cf. Gotch“1 . Three methods were 
tried: first, allowing the residuals to vanish; second, diminishing their 
disturbing effect by a transverse arrangement of the electrodes; third, 
using a degenerated preparation. 

The results in these 3 cases are exemplified in figcee 1. In figtjbe 
1 (21, the A electrode, being a little more dorsal than B, is positive 
at the start, according to the direction of the discharges. However, it 
rapidly reverts to its steady potential value, which is negative, rela- 
tively, to B. In (31 , no initial discharge is present as expected. 

In all cases, no value higher than 5 mv. has been obtained for this 
rest potential. This is 20 to 30 times less than the elementary dis- 
charge. We cannot believe that such a discrepancy can be completely 
due to a shunt effect. 

The preceding results, incomplete as they are, throw a serious doubt 
on the value of the first and second hypotheses. The alleged perma- 
nent polarization may not, therefore, exist, at least not at sufiBcient 
strength to play the more important part in the discharge. This sug- 
gests a third hypothesis that we formulated once,® and according to 
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which the activity in the electric organ simply consists in the transient 
appearance of a membrane polarization, rather than in the depolariza- 
tion of a previously polarized sui’face. This is the meaning of the 
schema represented in figvee 2, Schema III However, it is difficult 



Figike 2 H^potheucal schemas proposed to »plam the production of an eleciroinott\e force 
in dectnc orffans 

N* indicateb the mnertated side of the plate The dotted Imes repieseni vthat is supposed to 
lullapse during actnit\ 

The dotted lule^ m II aie mteuded to ^hovt a pa<«<*ivel\ charged membiane m contrast \iitli 
other mterfaces, Tvhich are supposed to be acxi\elv polanxed bj an mtemal electromoti\e force 

The figure makes it clear that IV ma\ be d^cnbed as a svnthesis of I, II, in 


to believe in the formation of a polarized layer at the moment when the 
responsible membrane collapses, as is indicated by the drop of its re- 
sistance. This schema, like the other two, appears really far too 
simple. 
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Finally, the schema that we shall tentatively propose as the most 
representative of our present knowledge and the most promising as 
help for future research, is the one shown in figure 2, Schema IV. It is 
supposed to represent a complex molecular structure of the same type 
as that used by modern biophysicists in their hypotheses on the consti- 
tution of the molecular membranes fDanielli and Davson^"). Such 
double laj^er leaflets are built up with lipoid and protein molecules, and 
are widespread at the cell surfaces. Similar arrangements have been 
assumed to be present, for instance, in the rods of the retina, which has 
well-known electrical properties. 

Figure 2 makes it clear how this last hypothetical schema may be 
considered as a synthesis of the other three In effect, it borrows an 
idea from each of the preceding theories It is like the first, inasmuch 
as it admits the presence of two opposing polarized layers, of which 
only one can be neutralized. It borrows from the second the idea that 
a high resisthdty layer exists (probably made of oriented lipoid chains 
in the intermediate region), which collapses during the discharge; and 
it is in agreement with the third, in admitting that the electromotive 
force is strictly localized at the innervated face of the plate, where it 
becomes apparent during the short period when one of the layers is 
depolarized. 


BIBLIOGRAPHY 


1. Auger, D., & A. Fessard 

1938. C. R. Soc. BioL 128; 1067. 

2. Auger, D., & A. Fessard 

1939. Ibid. 131: 765. 

8. Auger, D., & A. Fessard 
1939. Ann. de PhysioL 16: 261. 

4. Auger, D., & A. Fessard 

1939. livro de Homenagem Prof. A. e M. Ozorio de Almeida. 25. Rio de Ja- 
neiro, Brazil. 

6. Auger, D., & A. Fessard 
1941. C. R. Soc. BioL 136; 76. 

6. Auger, D., & A. Fessard 
1929. Ibid. 102:582. 

7. Bailey, EL 

1939. Biochem. J. 33 : 255. 

8. Baldwin, E., & D. Needham 

1937. Proc. Itoy. Soc. London B 122; 197. 

9. Bernstein, J. 

1912. Elektrobiol<^e. 118. 

10. Bernstein, J., & A. Tschermak 
1906. Pflueger’s Arch. 112: 439. 

11. Coates, C., & B. Cox 
1945. Zoologica 80; 89. 



512 


AXNALS XEW YORK ACADEMY OF SCIENCES 


12. Cole, E., & H. Curtis 

1939. J. Gen. Phy.-iol. 22: 649. 

13. Cole, E., & A. Hodgkin 

1939. J. Gen. Physiol. 22 : 671. 

14. Couteaux, E. 

1945. C. R. Soc. Biol. 139: 641. 

16. Cox, R., C. Coates, & V. Brora 

1945. J. Gen. Phy&iol. 28: 187. 

16. Curtis, H., & E. Cole 

1942. J. Cell. ^ Comp. PhyhioL 19: 135. 

17. Danielli, J., & H. DaTson 

1943. The Permeability of Natural Membranes. Cambridge. 

18. Feldberg, W., A. Fessard, & D. Nachmansohn 

1939. J. Physiol. 97:2. 

19. Feldberg, W., & A. Fessard 
1942. J. Physiol. 101:200. 

20. Fessard, A., & A. P5zard 

1940. C\ R, Soc. Biol. 134: 525. 

21. Garten, S. 

1910. Handb. d. vergl. Ph.Vhiol. 105. 

22. Gotch, F. 

1887. Phil. Trans. B. 487. 

23. Gotch, F. 

1888. Phil. Trans. B. 329. 

24. Eatz, B. 

1942. J. Neurophysiol. 5: 169 

26. Eisch, B. 

1930. Biochem.Z. 226: 183. 

26. Euffler, S. 

1942. J. Neurophysiol, 6: 18. 

27. Euffler, S. 

1943. Ibid. 6: 99. 

28. Marey, E. 

1887. Travaux du Laboratoire de V Institut Marey 3:1. 

29. Meyaxhof, O. 

1926, Thermodynamik det> Lebensprozesses. Handb. d. Physik 11 : 254. 

30. Ns ufc'hmft’ng n ’hn^ D. 

1945. Vitamins and Hormones 3: 337. 

31. Nachmazxsohn, D., R« Cox, C. Coates, & A. Machado 

1942. J. Neurophysiol. 6: 499. 

32. Nachinazisohn, D., R. Cox, C. Coates, & A. Machado 

1943. Ibid. 6:383. 

33. Rosenberg, H. 

1928. Handb, der norm. u. pathol. Physiol. 8: 876. 

34. Rushton, W. 

1927. J. Physiol. 63; 357. 



FESSARD: ACTIVITY OF ELECTRIC PLATES 


513 


PLATE 4 
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PL^rE 4 

A Middle lecoid leaponse of an isolated column (Torpedo oigan) to an elec- 
trical stimulus diiected along its mam a\ifc 

Lovvei leiaponfce of a small fragment of tissue, trans\eii!.e stimulation, thiesh- 
old intensit% 

Upper single fibei action potential (electric oigm nene) 

Time scales m milbseconds 
B Double beam o«!cillogiaph lecoid 

\bo\ e dischaige ot a liagment ot electiic ti'-^ue iRaia) 

Belovt impedance change test i^ith an alternating ciurent oi 15 000 < xIps 
T he n^holp actnity \^a\e lasts 12 millisecond*! 
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PHYSIOLOGICAL FUNCTION FROM THE 
STANDPOINT OF ENZYME CHEMISTRY 

By D. E. Greek 

Departments oj Medieint, and Btochcmibhy, Colhyt, oj Phy'itotnns and burgeons, 
ColumbM Lniifi'-ity, Xiu Yoik, ^ 1'. 

It is a cunoub fact that, although there isi general recognition and 
agreement that the cell is a chemical system, none the less the full im- 
plications of this truism have yet to be appreciated in some fields of 
physiological investigation. Perhaps the explanation is to be found in 
the preoccupation of biochemistry, until verj' recently, with problems 
of the structure of cellular constituents and with their estimation. 
Classical biochemistry represented to the physiologist the extension of 
histology to the chemical field. The study of what we may call chem- 
ical morphology was hardly calculated to attract physiologists or to 
arouse their interest in the chemical basis of physiological function. 
However, the interest of biochemistry has been shifting gradually from 
the purely structural problems to the dynamic chemical events of the 
cell. Our present knowledge of the chemical mechanisms of the cell 
has grown sufficiently for it to be ignored no longer by those who are 
concerned with the study of physiolopcal function. 

We may conceive of the cell as a chemical factory in which literally 
thousands of chemical reactions take place, cheek by jowl, without 
mutual interference. Some of these reactions are concerned in the sjn- 
thesis of structural components of the ceil and others in protiding 
chemical energy for cariying on the activities of the cell. Practically 
without exception, these reactions do not proceed spontaneously. They 
require the presence of protein catalysts, which we call enzymes. Each 
enzyme is distinct, chemically, from all the others, and is uniquely 
specialized for its particular catalysis. It this picture of the cell is 
correct, then it follows that all dynamic actmties including physiolog- 
ical function must be reducible to terms of enzyme chemistry. In other 
words, physiological function and enzyme chemistry’ are tw’o sides of 
the same coin I hope, in the short time at my’ disposal, to marshal 
the available e’i’idence which justifies this interpretation. 

In the symdromes of at’itaminosis, we observe profound morphological 
and physiological abnormalities. The recognizable signs of each of the 
vitamin deficiencies are too well known to be discussed here. The point 
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I want to make, however, is that these abnormalities which cover the en- 
tire gamut of physiological dysfunction can be explained completely in 
terms of certain enzjTne systems. Vitamin Bi, B 2 , Ba, and the P-P 
factor have ail been shown to be the prosthetic groups of certain 
enzyme systems. When these vitamins are not available in the diet, 
the active enzymes cannot be formed in the cell. In consequence of 
the failure of these enzyme systems to function properly, an abnormal 
physiological situation develops, which, if uncorrected, will lead to 
death. Wkieh organ first registers the effect of a particular deficiency 
is determined by the amount of the reserves of enzymes containing the 
vitamin and by the relative importance of this set of enzymes in the 
economy of the organ. Thus, in Bi deficiency in the pigeon, the brain 
is the first organ to register disturbed function, presumably because 
there are no reserves of this vitamin in the brain and because the 
active ensjune formed by the vitamin plays a key role in the metab- 
olism of brain. One may well raise tlie point that, if, as in the avita- 
minosis. the causal link between the physiological disturbance and the 
effect on enzyme systems is unquestioned, then surely there is a good 
case for assuming the same link between the normal physiology and 
enzyme systems. 

Woolley^ has introduced the use of anti-vitamin reagents which, by 
\irtue of their structural resemblance to the vitamins, are able to pre- 
vent the vitamins either from being incorporated into enzymes or 
from functioning as prosthetic groups. These anti-vitamins produce, 
in a relatively short period, the same syndromes which arise from de- 
priving the diet of an animal of a particular "vutamin. Not only are 
these antMutamins valuable for speeding up the process of avita- 
minosis, but the profound pharmacological effects which they induce 
permit correlations between the action of reagents on certain enzyme 
systems and the pharmacological consequences. In other words, the 
anti-vitamins have focussed attention on the fact that the effects of 
certain, if not all, pharmacological agents can be explained completely 
in terms of effects on enzyme sj'stems.®’ ® In recent years, a rich litera- 
ture has groviTi up to deal with this correlation. There are now at least 
14 instances in which the pharmacological effects of certain reagents can 
be explained in terms of a specific effect on an enzyme system. Thus, 
iodoacetic acid, which induces muscle rigor, has been found to inhibit, 
in minute concentration, the triosephosphorie dehydrogenase which 
catalyzes an essential step in lactic acid formation. This paralysis of 
the triosephosphorie dehydrogenase accounts for all the pharmacolog- 
ical effects produced by iodoacetic acid. Fluoroacetic acid, the hi^ly 
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toxic agent discovered in Chemical Warfare Rcbearch, has been shoi;\'n 
to inhibit the enz3rme systems involved in the metabolism of acetic 
acid. The classical pharmacological reagents, strychnine, eserine, and 
prostigmine, have been shown to exert their effects exclusively bj' virtue 
of their paralysis of cholinesterase. The effects of cyanide on cyto- 
chrome oxidase, fluoride on enolase, and chlorine on the triosephos- 
phoric dehydrogenase, are other examples of this correlation. Perhaps 
even more unexpected, has been the identification of various toxins with 
enzymes. Thus, spreading factor, the agent which facilitates the 
rapid diffusion of injected substances through dermal tissue, has been 
shown to be identical with hyaluronidase, a mucolytic splitting enzyme. 
The hemolj'tic principle of Clostridium welchii toxin and that of snake 
venom have been shown to be lecithinases, and the hemolytic effects 
are completely explicable in terms of their ability to weaken the lipoid 
membrane of the red blood cell by hydrolysis of the lecithin contained 
therein. During the war, some English workers, led bj’^ McFarlane,* 
identifled one of the toxins produced by the gas gangrene organism as 
collagenase, a proteolytic enzyme which dissolves the coimective tissue 
sheath of muscle. The action of this enzyme explains the pulping of 
muscle observable in advanced cases of gas gangrene poisoning. At 
the present moment, it would be premature to assume that all specific 
pharmacological agents which work at high dilutions are active by 
\'irtue of their effects on enzyme systems. On the other hand, it is 
pertinent to point out that no other principle of mechanism has been 
established for any pharmacological agent which has been studied. 
Apart from the dictates of caution, there is no good reason not to 
anticipate that, eventual^, all effects of specific pharmacological agents 
will be reducible to terms of enzyme chemistry. 

The study of cndocrines has always been one of the most active fields 
of physiological investigation, and it is of interest to inquire to what 
extent hormones can be related to enzyme phenomena. Until quite 
recently, hormones were held up as notable exceptions to the rule that 
substances which act at hi^ dilutions must be enzymes or parts of 
enzymes, or must specifically affect some enzyme system. Some recent 
research, however, fails to confirm the hormones as exceptions to the 
enzyme-trace substance thesis. No doubt, everyone is aware of the 
epoch-making discovery of Cori and his group,* that one of the hor- 
mones of the anterior pituitary inhibits the action of hexokinase, and 
that, in turn, this inhibition is released Iqr insulin. We have here 
a clear blueprint for the way in which hormone antagonism can be 
effected. A key enzyme system which controls some metabolic process 
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can be regulated hy a set of hormones, one of which inhibits, while the 
other releases the inhibition. All students of endocrinology have long 
been aware that hormones regulate metabolic processes, and it is not 
surprising to find in one instance, at any rate, that the regulation oper- 
ates at the level of the enzyme systems. Houssay and his colleagues 
in the Argentine have presented cogent evidence that renin, a kidney 
hormone, is a type of proteolytic enzyme which hydrolyzes one of the 
plasma proteins to form a pressor substance. In this instance, the 
hormone regulates metabolic processes by actually assuming an enzy- 
matic role. 

In still another direction, there has been confirmation that enzymic 
phenomena underlie essential physiological processes. The brilliant 
work of Beadle'" and his school have made it abundantly clear that the 
regulation of growth and development by the hereditary units of the 
cell, 112., the genes, is exercised through control of enzyme systems. 
They have sho^n that each gene determines the synthesis, probably, of 
a single enzyme. Whereas some of the hormones regulate metabolic 
reactions by slowing up or speeding up an enzyme reaction, genes 
regulate by determining the synthesis oi an enzyme Remarkably little 
IS known of the mechanisms by which enzymes are synthesized, but it 
would appear that, whatever the mechanism, the genic material will be 
implicated. 

The mere recognition that enzymic phenomena underlie physiological 
function is, of course, only the first step in the biochemical analysis. 
Obviously, the exercise of physiological function requires a source of 
energy, and the energy must anse in enzyme-catalyzed reactions But 
how is the energy converted into the manifold forms required by the 
cell? How is chemical energy converted into mechanical energy of 
contraction or electrical energy of nerv'ous conduction (to mention 
two examples ) ? There are no transforming elements in the cell, such 
as the storage battery. Until recently, this problem of energy con- 
versions was shrouded in deepest fog, but some light has managed to 
penetrate. It now appears, from the work of various laboratories, that 
the contraction of the myosin molecule may be coupled with the 
enz3nnatic hydrolysis of adenosine triphosphate. The contraction of 
muscle is now visualized as the integration of the single contractions 
of myosin molecules arranged in linear series. The picture is, of 
course, very crude, and probably will be modified by further research. 
However, if the basic facts are correct, then we have a blueprint for 
\isualizing energy transfers at the enzyme level. Adenosine triphos- 
phate represents a readily tapped supply of the chemical energy gen- 
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crated by the process of glycolysis. Because of the close proximity 
of adenosine triphosphatase and myoisin, some of the chemical energy 
of hydrolysis is absorbed by the myosin molecule, -which then under- 
goes simultaneous contraction. In other words, myosin i& acting as a 
kind of transformer element for the conversion of chemical energy to 
mechanical energy. 

We have to consider the possibility that, just as myosin is specialized 
for muscular contraction, chlorophyll or visual purple for photochem- 
ical reactions, and hemoglobin for oxj’gen transfer, so there may be one 
or more proteins in nerve specialized for the reactions -which underlie 
the propagation of a nerve impulse. The knowledge that acetylcholine 
and adrenaline are the chemical agents involved in nerve conduction, 
is merely the introduction to the problem of mechanism Undoubtedly, 
these substances react with special proteins. It is the transformations 
which these special proteins then undergo that is the basis of the phe- 
nomenon of nerve transmission. 
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CHOLINESTERASE 


By Oscae Bodaxsky* 

Medical Division, Chemical Watjare Sertice, Edgewood Arsenal, Maryland! 

On the basis of his studies on the pharmacology of acetylcholine, in 
1914, Dale stated; “In the blood at body temperatures it seems not im- 
probable that an esterase contributes to the removal of the active 
ester from circulation.”^ In 1926, Loewi and Xa\Tatil observ^ed that 
acetylcholine, as well as “vagus substance,” was rendered inactive by in- 
cubation with heart extract.^ However, such inactivation did not 
occur after the heart extract had been heated or subjected to ultra- 
\dolet irradiation. These observations by Loewi and Xa^Tatil in- 
augurated the study of the enzyme, cholinesterase. 

A heat-labile substance which is capable of hj’drolyzing acetylcholine 
is found verj” widely distributed in the organs and fluids of the body. 
It cannot be assumed that, apart from this common property of hy- 
drolyzing acetylcholine, the other properties of this enzyme ai'e the 
same in all these tissues. Our present discussion should most fit- 
tingly concern itself with the properties of this enzyme as found in 
nervous tissue, and should determine the extent to which these proper- 
ties play a role in nerv'e activity. However, most of the data avail- 
able for discussion describe chiefly the properties of cholinesterase 
found in serum, red cells, and, to a lesser extent, in the whole brain. 
The extent to which these data apply to the properties of cholinesterase, 
at S 3 mapses and in other nerv’-e tissue, should be carefully evaluated. 


RELATION BETWEEN SUBSTRATE CONCENTRATION AND 
REACTION VELOCITY 

We shall first turn our attention to the relation between the rate of 
action of cholinesterase and the concentration of the substrate, acetyl- 
choline. Examination of the data sho’\\s that two types of relation- 
ships hold. The first type appears to follow the Michaelis-Menten 
formulation:^ 

— = - (n 

S + K. 

where v is the reaction velocity at substrate concentration S, Vm^x 
is the maximum reaction velocity occurring at infinite substrate con- 


* Lt. Colond, M. C., A. U. S. 
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centration, and is the dissociation constant of the intermediate 
enzyme-substrate complex. 

The second type of relation obtaining among some cholinesterases 
appears to be one in which inhibition of reaction velocity occurs at 
higlier sub«!trate concentrations. This relation has been found to hold 
for some other enzymes, such as lipases, catalase, oxygenase.^ The 
reactions between substrate and enzyme may be formulated as follows: 

E -f iS (active) 

ES + (n — l)S^ESn (inactive) 

ES — > E jP, 

The relation between substrate and reaction velocity has been devel- 
oped by Haldane’* for the reaction where w = 2, as follows: 


V = 




/S + AT, -{- 


/S« 


(2J 


compound 


When the velocity is plotted against the log- 


where is the dissociation constant of the inactive enzyme-substrate 
[^^1 
[ESA 

arithm of the substrate concentration, a bell-shaped curve is obtained. 
The values for K,, K 2 may be obtained by transformation of the 
above equations, according to the method of Lineweaver and Burk.* 
Since there are veiy’ few and incomplete data in the literature for 
cholinesterases which follow this type of substrate-reaction velocity 
relationship, we shall not attempt such an evaluation. 

In TABLE 1, are listed the results of investigations on the relationship 
between concentration of the substrate, acetylcholine, and the velocity 
of cholinesterase action. It may be seen that the cholinesterases 
present in human and dog serum, and in the cat superior ceivical gang- 
lion, show increasing rates of reaction, with increasing substrate con- 
centrations, w’hich become asymptotic to a maximal rate at infinite 
substrate concentration. These values of the dissociation constants 
1 molar concentration at which one-half maximal reaction velocity oc- 
curs I range, in general, from 1 to 1.7 X 10“\ In contrast, the cholin- 
esterases from the red cells of man, sheep, horse, and ox, and from the 
brain of the mouse and dog, do not show increasing reaction velocities 
with increasing substrate concentration. According to Mendel and 
Rudney,^® and to Alles and Hawes,'^ they show optimal activity at 
about 1 X lO'^M; at concentrations higher than this, the reaction 
velocities decrease. 

On the other hand, values for the optimal concentration obtained by 
Zeller and Bissegger,^® and by Xachmansohn and Rothenberg,^* are 
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Table 1 


Relation bet’vseen Reaction Velocity of CHOLiNEbTEEA>,E Action and Acetyl- 
choline Concentration 



In accord with Michaelis-MenJten formula 


Enzyme bource 

Investigatoi 

Dissociation 

constant 

Dog serum 

Goldstein** 

1.25 K 10--» 

Dog serum 

Eadie^ 

1.7 xlO"* 

Dog serum 

Wright & Sabine** 

GUck® 

0.26 X 10-» 

Human serum 

1.1 xlO-* 

Human serum 

Wright & Sabine** 

1.2 xlO-* 

Cat superior 
cervical ganglion 

Glick*® 

1 X 10-* 


Inhibitw)i at higher subsltate concentrations (bilUiihaptd cutvt) 


Enzyme source 

Investigator 

Optimal 

concentration (M) 

Red cell: human 

AUes & Hawes« 

0.25 

xlO-® 

Red cell: human 

Zeller & Bisse^er“ 

4.4 

\10“» 

Red cell: human 

sheep 

horse 

ox 

Mendel & Rudney^* 

1 

<1.5 

\io-^ 

Red cell: human 

^ Xachmansohn & Rothenberg^^ 

ca. 5 

X 10“* 

Brain: mouse 
dog 

^ Mendel Rudney” 

<1.5 

X 10-* 

Brain: human 

' Zeller & Bissegger^* 

4.1 

X 10"* 

Brain: mouse 

1 Xachmansohn & Rothenberg“ 

1 Xachmansohn & Rothenberg^* 

ca. 6 

X 10-» 

Brain areas: ox 

ca. 8 

X 10"* 


much higher. As Mendel and Rudney^'* have pointed out, and as will 
be seen later, the concentration of electrolyte influences the optimal 
concentration of substrate. 

The relation existing between reaction velocity and substrate con- 
centration of acetylcholine may be of physiologic significance. Glick*® 
found that, under optimal substrate conditions, pH 7.4 and 38°, 0.10 y 
acetylcholine chloride was split per second, per milligram of cat supe- 
rior cervical ganglion. Browm and Feldberg*® found that the concen- 
tration of acetylcholine in the superior cervical ganglion of the eat was 
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22.5y/gin, of tissue. If conditions of maximal substrate concentration 
are assumed to exist, 0.225 seconds would be required to split the 
acetylcholine. If the assumption is made, that lower substrate concen- 
trations exist, then a longer period would be required. Brown and 
Feldberg also found that O.ly acetylcholine was liberated from a gang- 
lion weighing 12.9 mg. and perfused with eserinized Lockes’ solution, 
during the first 5 minutes of preganglionic stimulation at 17 per second. 
According to Glick, if the substrate concentration were maximal, 78 
milliseconds would be necessary to hydrolyze this amount, or 1.5 milli- 
seconds for splitting the acetylcholine liberated by one nerve impulse. 
These times mil be longer, if lower substrate and enzyme concentra- 
tions are assumed. The time for hydrolysis, at the minimum rate, 
was 8 seconds, and localization of enzyme and substrate within the 
ganglion cell would have to be assrumed, to explain enzymatic destruc- 
tion of acetylcholine liberated by nerve impulses within the span of the 
refractor}^ period of 2 milliseconds. 

EFFECT OF pH AND ELECTROLYTES ON 
CHOLINESTERASE ACTIVITY 

The effect of pH on enzyme activity is, of course, well known, Bern- 
heim & Bernheim,^’ employing a pharmacological procedure, found a 
pH optimum of 8.4 for the seinim and brain cholinesterases of some 
lower animals. Glick®* found practically this same value, 8.4 to 
8,5 for the cholinesterases of human serum, pig’s gastric mucosa, horse 
serum, and cat brain. Calculations from the shape of the pH activity 
curve, for these various cholinesterases, show that the activity at 7.4 
is about 65 to 70 per cent that of the activity at optimal pH. A some- 
what low'er optimal pH, 7.5-8.0, has been reported for red cell cholin- 
esterase.^^ 

The effect of various ions on the acti\ity of cholinesterase has been 
studied by several groups of investigators. The activating effect of 
Ca*^ and Alg^ is well established and, except perhaps for the magni- 
tudes of the degree of activation, appears independent of the source of 
the enzyme. Thus, Nachmansohn^® found that 4 X M Ca"^ in- 
cre sed the acti'sity of dialyzed Torpedo electric organ cholinesterase 
5-fold, and 4 X Mg^ increased the activity about 8- to 9-fold. 
M assart and Du Fait"® found that horse serum, which lost 40 per cent 
of its cholinesterase activity, on dialysis, regained its normal activity 
in the presence of 2 X 10’^ il Mg^ or Ca^. Mn"^ has been found to 
activate considerably both dialyzed Torpedo electric organ cholin- 
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esterase and dialyzed horse serum cholinesterase. Ba"^ activates Tor- 
pedo cholinesterase, but not dialyzed horse serum cholinesterase. 

There has been considerable disagreement, regarding the activating 
effects of Na^ and K*. But here, as in other respects, these disagree- 
ments are resolved, if it is recognized that the studies have been carried 
out on cholinesterases from various sources. Thus, 1 X 10“^ M K* 
inhibits Mendel and Rudney’s purified horse serum cholinesterase 40 
per cent at a substrate concentration of .0015 M acetylcholine. 15 per 
cent at .03 Glick^‘ found, at .02 M substrate concentration, 

that Xa’' and K* did not have any regular effect on horse serum cholin- 
esterase activity, but both increased rabbit serum cholinesterase activ- 
ity 25 per cent at 0.3 M Na’’ or 35 per cent at 0.5 il. and 40 per 
cent at 1.0 M. Nachmansohn^* reported that both Xa" and K+ activ- 
ated Torpedo cholinesterase. 

There appears to be a relationship between the effect of Xa'^ and K* 
and the effect of substrate concentration on reaction velocity. Thus, 
in human serum where the substrate-reaction velocity relationship fol- 
lows the Michaelis-Menten formulation, 0.16 M XaCl inhibited the 
cholinesterase about 10 to 20 per cent, at substrate concentrations 
ranging from 1 X lO'** to 4 X 10^. On the other hand, among red cell 
cholinesterases, in which reaction velocity decreases at higher substrate 
concentrations (Haldane formulation), 0.16 M XaCl, inhibited at low 
substrate concentrations, activated at substrate concentrations greater 
than about 1 X 10"® ’ M. Alles’ and Hawes’ results” show, and Mendel 
and Rudney'® have emphasized this point particularly, that, for those 
cholinesterases which follow the Haldane formulation for the relation- 
.ship between substrate concentration and reaction velocity, the presence 
of Xa+ or not only increases the value of the optimal reaction rate, 
but also shifts the optimum to higher substrate concentrations. 

So far as anions are concerned, cyanide has been found to have no 
effect on horse or human serum cholinesterase. Oxalate, fluoride, and 
citrate inliibit dialyzed horse serum cholinesterase to the extent of 30 
per cent at 0.002 M concentrations of these ions. 60 per cent at 
0.02 M.®" 


INHIBITION OF CHOLINESTERASE ACTIVITY 


The inhibiting effects of various compounds on enzyme activity have 
been generally formulated in terms of an inactive, but reverrible, 
enzyme inhibitor complex.*’ ® If the inhibition is non-competitive, then 


c' Ki 

r Kj + I 


( 3 ) 
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Where v' is the velocity in the presence of the inhibitor, v in its ab- 
sence, I is the concentration of the inhibitor, and Ki is the dissociation 
constant of the enzyme-inhibitor complex. 

If the inhibition is competitive, then the following expression holds: 

•: (4, 

s - 1 - ^ 

where the terms have the meanings as described in equations 1 and 3. 
Ki may be calculated from the value of the dissociation constant, K's^ 
in the presence of a constant concentration of inhibitor, as follows: 



(40 


The ]Michaelis-Menten derivation is based on the assumption that 
the concentration of enzyme centers is constant and, as compared with 
the concentration of any substance with w'hich it could combine, so 
small that it may be neglected. Recently, Straus and Goldstein, *- 
elaborating upon the ideas of Easson and Stedman,®^ have submitted 
a more general formulation for the effect of an inhibitor, which takes 
into account those possibilities in which the concentration of enzyme 
centers may not be negligible. In the presence of a large excess of 
substrate, 


I = + iE (5) 

1 -- 2 

total inhibitor free inhibitor bound inhibitor 
where I is the concentration of total inhibitor, combined and free; i is 
the fraction of total enz 3 rme combined with inliibitor; E is the concen- 
tration of total enzyme; and Kj is the dissociation constant of the 
enzyme-inhibitor complex. WTien the above equation is divided by 
the following expression is obtained: 


r-j^. + iE' ( 6 ) 

where 7' = 7 Kj and E' = E/Kj. 

Simplifications of these equations are possible, under conditions 
where E' is very small, or very large, so that the other term on the right 
hand side of the equation may be neglected. 

The implication of eqvation 6 is that the degree of inhibition de- 
pends upon the value of namely, the ratio of the concentration of 
enzyme centers to the dissociation constant of the complex. This may 
be illustrated by taking values from a theoretical plot by Straus and 
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Goldstein, Thus, the log values of I', at i = O.o (50 per cent inhibi- 
tion) are as follows, for various values of E': 


w 

log!' 

0.1 

0.00 

10 

0.79 

100 

1.71 

1000 

2.70 


It may, thus, be seen that dilution of the enzyme influences the E' 
value, and hence, the extent of inhibition. 

The values of Kj and E may be calculated trom the experimental 
determination of the inhibition, i, at various concentrations, I, of in- 
hibitor. Equation 5 may be tranig)osed, as follows: 

7 = X r^i + ^ 

A plot of j against ^ should, therefore, yield a straight line, the 

slope of which would be Ki and the intercept on the l^'-axis would be E, 
Goldstein® has also developed an expression for competitive equilib- 
rium between enzyme, substrate, and inhibitor: 

/' + , 8 , 

total free combined 

Where J' = / Ki, S' ^ S Ks, E'l = E/Ki, 

Es = E, Ksj and a = 1 — f or fractional activity of the enz;^Tne. 
Another type of derivation is possible, if JSf, the amount of free 
enzyme, is considered negligible in comparison with the amount of 
enzyme combined with inhibitor and substrate. Then: 

r = (.S" - + (1 - a)Ep (9( 

total free combined. 

Various simplifications of equ-Ations 8 or 9 are possible, depending 
upon whether we assume Er or Eg- to be small enou^ to be neglected, 
or so large that other terms not involving them become negligible. 

The investigations on in vitro inhibition may now be summarized. 
In TABLE 2, are shown those results which have been formulated, in 
terms of the dissociation constants of an inhibitor-enzyme complex, in 
accordance with the equations already discussed. Several points of 
interest may be noted. First, the dissociation constants of the enz3nne 
complexes of physostigmine and prostigmine are of a low order of mag- 
nitude, about 10"^ to 1(H, as compared with the dissociation constants 
of the cholinesterase-morphine derivative complexes, 10“* to 10^. The 
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values of Eadie" seem extraordinarily low, but these dissociation con- 
stants have been calculated on the assumption that one molecule of 
enzyme combines with two of inhibitor. Goldstein® has discussed this 
point and has claimed that Eadie’s method of determining reaction 
velocity involved a constant error. The titration of released acetic 
acid, for twentj’ minutes, immediately following the addition of enz3rme 

Table 2 

DieSOCIATlOS CoXSTAXTb OP ChOLIXESTERASE-Ij. HIBITOB COMPLEXES 


Dissociation constants calculated by method of Michaelis-Menten, except for 
Straus & Goldstein values. Values for Kt at 37-38°. 


Inhibitor 

1 

Source of 
cholinesterase 

f 

Investigator 

1 

I 

Dissociation 
constant, K i 

PhybObtigmine 

Physostigmine 

Physostigmine 

Prostigmine 

Morpfime 

Morphine 

Diiaudid 

Codeine 

Desomorphine 

Horse serum, 22% ‘ 
Dog serum, 4.54% 
Dog serum 

Dog serum i 

Human serum 

Dog serum 

Human serum 
Human serum 
Human serum 

Straus & Goldstein®* 
Goldstein* 

Eadie’^ , 

Eadie^ • 

Wright <k Sabine* 
Eadie^ 

Wright & Sabine* , 
Wright & Sabine* 
Wright & Sabine* 

3.7 xlO-* 

3.11 X 10"* 

3 X 10~“ (n*=2) 

2 X 10-« (n=2) 

8.1 xlO"* 

14.6 xlO"^ 

1.2 xlO"* 

4.2 xlO"* 

1.8 xlO"* 


to a substrate-inhibitor mixture, corresponded to a stage of the reaction 
where equilibrium had not yet been established, and where the reaction 
velocities were higher than at equilibrium. This discrepancy was 
greatest for concentrations of inhibitor producing moderate inhibitions. 

A second point of interest is the difference in the dissociation con- 
stants of the complexes of the same inliibitor with cholinesterases of 
different sources. Although the difference is not marked, it may be 
seen that the constants for the morphine complex are 8.1 X 1(H for 
human serum cholinesterase, and 14.6 X 10^ for dog serum cholin- 
esterase. The occurrence, among different cholinesterases, of differing 
sensiti'A'ities to inhibition by the same compound, will be discussed 
further. 

In TABLE 3, are shown the concentrations of cholinesterase inhibitors 
^ving 50 per cent of the uninhibited cholinesterase aetmty. It will 
be readily recognized that these values are equivalent to the values of 
the dissociation constants, calculated by the Michaelis-Menten ex- 
pression for non-competitive equilibrium. This table illustrates the 
order of inhibition of different compounds. It may be seen that human 
serum, rabbit serum, and human muscle cholinesterases are less sensi- 
tive to inhibition by physostigmine than is the horse serum cholin- 
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Table 3 

CoNCEXTRmoNs OP Chounbsterase Inhibitoes Givixg 50 Per Cent of 
Uninhibited VBLOcirr 


Inhibitor 


Source of 
Cholinesterase 


Investigator 


Concentration 
of Inhibitor 


Physostigmine 

Physostigmine 

Physostigmine 

Physostigmine 

Physostigmine 

Physostigmine 

Methylene Blue 

Methylene Blue 

Acriflanne 

Phenothiazone 

Thionin 

Thiamin 

Isopropyl antipyrin 
Isopropyl antip}Tin 


Horse serum, 4.5% 

, Horse serum, 22.2% 
Horse serum, 11.1% 

I Human serum, 2.5% 
Rabbit serum, 12.5% 
Human muscle 
Horse serum 
Horse serum 
Horse serum 
Horse serum 
' Horse serum 
Horse, rat serum 
I Guinea pig serum 
Horse serum 


Collier & Allen®^ 

2.5 

X 

lO-* 

Ellis, Plachte, & Straus®* 

5 

X 

10“* 

Ellis, Plachte, Ac Straus®* 

2.5 

X 

10“® 

Mazur k Bodansk>'** 

2 

X 

10“^ 

Mazur & Bodansky®* 

1.2 

X 

10-^ 

Mazur & Bodansky®* 

8 

X 

10-^ 

Collier & Alien*^ 

1.2 

X 

10“« 

Massart & DuFait*® 

6 

X 

10-* 

Collier & AUen®^ 

6.6 

X 

10-* 

Collier & Allen®^ 

6.7 

X 

10-* 

Massart & DuFait®^ 

11 

X 

10-* 

Glick® 

1.8 

X 

10“» 

ZeUer®» ‘ 

2 

X 

10-* 

Zeller*® 

0.93 

i X 

10-* 


esterase. The basic dyes, methylene blue, acriflavine, phenothiazone, 
and thionin, are somewhat less potent inhibitors than physostigmine. 
Next, in order of potency of inhibition, are thiamin and the antipyrines. 
Table 4 shows that several antipyrines at a concentration of 3 X 10"* M 
inhibit human serum cholinesterase from 30 to 80 per cent. Sulfon- 
amides at this concentration inhibit only slightly. Acid dyes (e.g., 
Congo red I and p-phenylenediamine have been reported to have no 
inhibiting action at 2 X 10"^ 

T.4BLE 4 

Inhibition op Human Serum Cholinesterase Activitt by Antipyrines and 

Sulfonamides 

(ZeUer) 


Inhibitor 


i 

Concentration Inhibition 

M. 1 per cent 


I 


AntipjTine 

1 

, 3 

1 

X 10-» 1 

51 

Aminoantipyrine 

' 3 

X 10-» 

30 

Dimethylaminoantipyrine 

3 

X lOr* ' 

38 

Isopropylantipyrine 

3 

xlO-* 

80 

Sulfanilamide 

' 2,1 

) X 10-* 1 

-1 

Irgamid 

Suifathiazole 

‘ 2.f 

1 2,1 

> X 10“* I 

) X 10-* 

13 

18 

Benzyl sulfanilamide 

, 2.5 X 10-» j 

9 
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It is, of couFbe, always of interest to attempt a correlation between 
chemical structure of inhibitors and enzyme action. In general, com- 
pounds which resemble the substrate, chemically, inhibit enzyme action, 
presumably by combining w’ith the same chemical groupings on the 
enzyme molecule. However, it must be stressed that other chemical 
groups on the inhibitor molecule may influence this combination. The 
evaluation of this influence requires considerable experimentation. In 
the case of cholinesterabe, relatively few data are available. 

Acetylcholine is a quaternary ammonium compound. A survey of 
the inhibitors which we have discussed show's tliat, although no strict 
correlation can be drawn between structure and degree of inhibition, 
the closer the inhibitor comes to possessing a completely alkylated 
nitrogen grouping, the greater is its inhibition. Thus, prostigmine, one 
of the most effective inhibitors, has a quaternarj^ ammonium grouping. 
Physostigmine has tw'o tertiary amine groupings. Methylene blue, 
w'hich is also a potent inhibitor, may be considered to have a quater- 
nary ammonium grouping. Thionin, wdiich is the unalkylated con- 
gener of methylene blue, is a less pow'erful inhibitor; about 20-100 
times as great a concentration is needed to produce 50 per cent 
inhibition. 

That an alkylated amino grouping is important in inhibition, seems 
to be generally true. Thus, the pyrazolone derivatives ( antipyrines) , 
morphine, caffeine, percaine, are all moderate inhibitors. Unalkylated 
amino groupings tend to make a compound a poor inhibitor: for exam- 
ple, diphenylamine does not inhibit at 2 X 10"^ M. Acid groupings 
iCOOH, SO3, H, OH), apparently tend to negate the inhibiting power 
of alkylated amino groups. Examples of this occur in the sulfon- 
amides and the acid dyes. 
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It must be noted, however, that the relationship between the degree 
of inliibition and the chemical structure of the inhibitors also depends 
upon the source of the cholinesterase. Table 5 shows that percaine. 


Table 5 

Effect op Drugs on Inhibition of Various Cholinestervses 
(Zeller and Bissegger’*) 


Inhibitor 

Concentration 

Jf 

Per cent mlubition 

Human 

serum 

Human 
red cells 

Human 

brain 

Percame 

6 X 10-3 

94 

25 

12 

Irgamid 

1 6 X 10-- 

46 

4 

3 

Isopropyl aiitipyrin 

6 \ 10-3 

SI 

26 


Morpmne 

6 X 10-3 

66 

76 

66 

Caffeme 

6 X 10-" 

1 

1 

42 

40 


irgamid, and isopropyl antipyrine iniiibit human serum cholinesterase 
much more markedly than human red cell or human brain cholin- 
esterase. In contrast, morphine iniubits these three cholinesterases to 
about the same extent, and caffeine inhibits human serum cholinesterase 
only slightly, as compared with its effect on human red cell and human 
brain cholinesterase. Nachmansohn and Sclmeemam'* have observed 
that caffeine inhibits nervous tissue cholinesterases much more mark- 
edly than those of horse serum and guinea pig pancreas. In contrast, 
the inhibitions of these latter cholinesterases by quinine, quinidine, 
cocaine, and lobeline are more marked than those of nervous tissue. 

In addition to the inhibitors which we have discussed above, a num- 
ber of other substances have been reponed to possess an inhibiting ac- 
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tion: vitamin K, ether, chloral, and some hormone preparations, such 
as estrone, progestin, testosterone, etc.®^’ Observations on these in- 
hibitions are not yet detailed, and their exact significance is not yet 
defined. It should be recognized that, in general, any enzyme is sub- 
ject to in vitro inhibition by a great number of compoimds, particularly 
at relatively high concentration. Such inhibitions probably do re- 
fiect an interaction of the inhibitor vith the enzjTne molecule, but the 
in i ivo significance of such inhibitions is very often questionable. 

There is evidence to indicate that the inhibitors which we have al- 
ready described form reversible enzj'me-inhibitor complexes. Matt- 
hes,®* for example, first shoved that dialysis of a mixture of cholin- 
esterase and physostigmine resulted in the restoration of the enzyme 
actmty. Similarly, dilution of cholinesterase physostigmine mixtures 
results in a relative increase of cholinesterase activity, presumably as 
the result of the dissociation ot the inactive enzyme-inhibitor com- 
plex.*®’ Zeller has shown that the inhibition of cholinesterase by 
pyrazolons and sulfonamides is similarly reversible, by dialysis of the 
corresponding enzyme-inhibitor complexes.®® 

IN VITRO AND IN VIVO INHIBITION BY DIISOPROPYL- 
FLUOROPHOSPHATE (DFP) 

We should now like to present a description of the properties of a 
compound, typical of an entire group, which, in contrast to the inhibi- 
tors we have described above, forms a combination with cholinesterase 
which it has, so far, not been found possible to reverse. This com- 
pound is diisopropyl-fiuorophosphate. It is one of a group of alkyl 
fluorophosphates first described by Lange and Krueger.®* During the 
war, it was regarded as a potential chemical warfare agent, and its 
properties were first investigated by British workers. Adrian, Mc- 
Combie, B. A. Kilby, and M. Kilby®®* noted the similarity between 
the cholinergic effects of the fluorophosphates and those of physostig- 
mine. Mackworth’^ found that incubation of the alkyl fluorophos- 
phates with horse serum cholinesterase resulted in the inactivation of 
the enzyme, and that dialysis of the fiuorophosphate-cholinesterase 
mixture did not result in any restoration of cholinesterase activity. 
Our interest in the mechanism of the anticholinesterase action was fint 
aroused when we noted that, upon exposure of men to very low concen- 
trations of this agent, the serum cholinesterase was very markedly re- 
duced to 2 to 5 per cent of the pre-exposure value, in spite of the fact 
that there were only slight or doubtful systemic symptoms. Hie 
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in vitro and in vivo inactivation of cholinesterase by DFP has been 
studied by Mazur and Bodansky,*® and the results of these studies will 
now be briefly described. 

In Vitro Inhibition of Cholinesterase Activity by Diisopropyl-Fluoro-- 
phosphate and by Physostigmine, The inhibition of the activities of 
serum, red cell, muscle, and brain cholinesterases of the rabbit, monkey, 
and man were determined, at various concentrations of DFP and 
physostigmine. In order to obtain a general measure of the extent of 
inhibition of the different cholinesterases, the relative velocities were 
plotted against the negative logarithm of the molar concentration of 
DFP or physostigmine. The negative log molar concentration at 
which 50 per cent inhibition occurred, was termed the pCi value. 
These values for various enzyme preparations are shown in table 6. 

Table 6 

Sensitutty op Various Cholinesterases to Inhibition by Diisopropyl-Fluoro- 

PHOSPHATE AND PHYSOSTIGMINE 


The values are expressed in terms of the negative log of the concentration of in- 
hibitor required to produce a £0 per cent inhibition of cholinesterase activity (pCa). 


1 Serum 

\ 

Red cells | Muscle 

Bram 

Ditsopropyl-fluorophoaphcUe 

Rabbit 


1 

t 5.2 1 

5.5 

Monkey (3/. rhesus) 


1 5.5 

5.5 

Human 


5.4 , 5.4 

6.0 

Horse 


. 


Horse* (purified) 


1 1 

! 

Physostigmine 

Rabbit 

5.9 



Human 

6.7 

1 

6.1 

I 

1 


*^o^Be serum cholmesteraso (punfied)« pr^ared by Drs. Northrop azid Eimitc, accordma to 
directions of Mendel and Budney 


It may be seen that, of the various serum cholinesterases studied, 
that of the rabbit was least sensitive to inhibition by DFP. Thus, a 
negative log molar concentration of 4.1 of DFP was necessary for 50 
per cent inhibition of rabbit serum cholinesterase, whereas concentra- 
tions of about one ten thousandth as much (negative log molar values 
of 7.7 to 8.3) gave 50 per cent inhibition of monkey, human, and horse 
serum cholinesterase activity. The various red cell cholinesterases 
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bhowed approximately the same degree of sensitivity toward inhibition 
by DFP <pCi values of 5.2 to 5,5 j, whereas human brain cholinesterase 
ipCi = 6.0) was somewhat more sensitive than monkey or rabbit brain 
cholinesterase ^pCi = 5.5) to inhibition by DFP. Purified cholin- 
esterase of the electric eel gave a pCi value of 4.1. 

It is of interest to compare the sensiti\dties of the various tissue 
cholinesterases from one species to inhibition by DFP. Rabbit brain 
and red cell cholinesterases showed a greater sensitivity than did serum 
cholinesterase; brain showed the greatest sensithdty. Thus, a 50 per 
cent inhibition of semm cholinesterase activity occurred at a negative 
log of the molar concentration of DFP of 4.1, whereas the same degree 
of'red cell and brain cholinesterase inhibition occurred at values of 5.2 
and 5.5, respectively. IMonkey serum cholinesterase was much more 
sensitive to inhibition by DFP than red cell or brain cholinesterase. 
Human serum cholinesterabc was much more sensitive to inhibition by 
DFP than human red cell or brain cholinesterase. This picture is 
similar to that lound in the monkey, and is in marked contrast to that 
observed in the rabbit. 

Table 6 also shows the ^sensitivities of rabbit serum, human serum, 
and muscle cholinesterases to inhibition by physostigmine. It may 
be seen that rabbit serum cholinesterase was more sensitive to 
inhibition by physostigmine lpCi = 5.9) than by DFP (pCi = 4.1), 
whereas the reverse was true with human serum cholinesterase. 

The possibility existed that the differences in sensithity of different 
cholinesterases to inliibition by DFP were due to materials, other than 
the enzymes themselves, present in the preparations. Table 6 shows 
that a purified horse serum cholinesterase preparation had, within 
experimental error, the same pCi value as horse serum itself. Heat- 
inactivated extracts of one tissue, added to a tissue possessing cholin- 
esterase acthity, did not alter the sensitivity of the latter to inhibition 
b^’’ DFP. Thus, human brain extract Tvab heated to destroy its cholin- 
etsterase activity, and added to human serum. The pCi value for the 
mixture was 7.7, the same as that found for human serum cholinesterase 
itself. 

In Vivo Inhibition of Cholinesterase Activity by DFP. The extent 
to which various cholinesterases are inhibited m vivo, after administra- 
tion of DFP, may be considered to depend, not only on the sensitivity 
of the particular tissue cholinesterase to inhibition by DFP, but also 
on the localization and, hence, of the concentration of DFP in the tissue. 
In rabbits exposed to DFP vapor, severe muscular tremors and death 
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occurred at the higher expo?ureb; at lo^er expubureb, no symptoms ex- 
cept miosib occurred. In most iubtaneeb, the decrease in red blood cell 
cholinesterase activity was greater than that in serum cholinesterase 
actmty. It will be recalled that in vitro rabbit red cell cholinesterase 
is more sensitive than serum choline&terase to inhibition by DFP. 
AVhen rhesus monkeys were exposed to DFP, the plasma cholinesterase 
actmty was decreased to only 1 to 5 per cent of normal, at almost all 
exposures, whereas the red cell cholinesterase activity showed only 
blight decreases at the lower expobures. This marked difference in the 
extent of decrease paralleled the considerable in litro difference be- 
tween the sensitivities of monkey red cell and serum cholinesterases to 
inhibition by DFP. 

The effect of intravenously injected DFP on cholinesterabe actmty, 
in the rabbit, is shown in t.\ble 7 It can be seen that, in most in- 


T4BLE 7 

The Efpec3t op Inteavexouslt Injected Dii&opropyl-Fluorophosph\te on Rabbit 
Plasma, Red Cells, and Brain Choline'sterase AcrwiTi In Izio 


Vnimal 

number 

Dobe 
mg. 
per kg. 

Blood 

sample 

time 

min. 

Relative cholinebteraNe 
activity* 

Remarks 

Plabma 
per cent 

RedceUs 
per cent 

Brain 
per ^‘ent 

327 

3.0 

4 

0 

0 

0 

Died immediateh' 

326 

0.3 

23 

15 

7 

12 I 

Mascle tremors 

328 

' 0.3 

26 

5 

0 

o 

Mu=^cle tremors 

491 

0.1 

26 

54 

41 

59 

Xo symptoms 

492 

0.1 

25 

37 

29 

57 

Xo symptoms 

330 

0.05 

27 

1 60 

19 

74 

X(i sATuptom*' 

331 

0.05 

43 

51 

29 

73 

Xo sjmptom'* 


* These \ alues are per cent of the pre-evposure \ alueb. 


stances, the red cell cholinesterase actmty is more markedly reduced 
than that of the serum cholinesterase. This difference corresponds to 
the in vitro difference in sensithities. The brain cholinesterase activ- 
ities were reduced to about the same extent as the serum cholinesterase 
actmties at the lower do.«es, and slightly less at the higiier doses. This 
finding did not correspond to the in vitro sensitmty of brain cholin- 
esterase to inhibition by DFP. The brain cholinesterase actmties, 
corresponding to the appearance of symptoms, were less than about 60 
per cent of normal. 

The effect of intravenous injections of DFP in the monkey are shown 
in TABLE 8. A dose of 0.3 mg. per kg. was fatal in 10 minutes. The 
serum, red blood cell, and brain cholinesterases were reduced to veiy 
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low or zero levels of acthity. Essentially the same results were ob- 
tained at doses of 0,2 and 0.25 mg. per kg., except that the survival 
period was longer. At a dose of 0.1 mg. per kg., the animal survived, 
although the serum and red cell cholinesterase activities w^ere very low. 
At 0.02 mg. per kg., the serum cholinesterase acthity was reduced to a 
very low level, 2 per cent of normal, whereas the brain cholinesterase 
activity was decreased only slightly, to 78 per cent of normal. This 


Table 8 

The Effect or INTR.\VE^'oxJSLT Injected DnsopROPTL-FLUOROPHospHATE on Mo^- 
KEf Plasma, Red Cells, and Brain Cholinesterase Acttvity In Vivo 


Animal 

number 

Dobe 
mg. 1 
per. kg. 

1 

1 

Blood 

bample 

time 

min. 

Relative cholinesterabe 
activitj’^ 

Per cent of pre-injection 
mine 

Remarkb 


Plasma 

1 

j Red cells 

Brain 

t 

4 

I 

0.3 

10 

0 

2 

0 

i Died in 10 minutes 

6 

0.25 

27 

0 

1 

0 

Died in 33 minutes 

3 

0.2 

1 

2 hrb. 

0 

0 

0 

Severe symptoms, 
sacrificed 

1 

0.1 , 

24 

0 

2 

. . 

No symptoms 

2 

0.1 I 

hrs. 

0 

10 

0 

Muscle tremors, 
diarrhea 

5 

0.02 

1 

60 

2 

14 

78 

No symptoms 


marked difference between the decreases of serum and brain cholin- 
esterase was similar to that obtained at low exposures of monkeys to 
DFP vapor, and parallels strikingly the in vitro difference in sensitivity 
between the monkey serum and brain cholinesterases to inhibition by 
DFP. As will be seen presently, these findings are quite similar to 
those obtained in man. Althougji the red blood cell cholinesterase 
was of about the same order of in vitro sensitivity as the brain cholin- 
esterase, it was reduced in vivo, at the very low dose, to a greater 
degree. 

In the monkey, symptoms were absent, even when the serum cholin- 
esterase levels were zero. In most instances, the occurrence of severe 
symptoms or death was associated with zero levels of brain cholin- 
esterase activity. After exposure to, or injection of, DFP, the serum 
cholinesterase returned very slowly to normal. In the few instances in 
which this return was followed, about 50 per cent of the normal serum 
cholinesterase activity was regained in about 7 days. 

Men were also exposed to DFP vapor. One group of 7 men was ex- 
posed to a concentration of 19 micrograms per liter, for 8% minutes; 
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a second group of 6, to a concentration of 27.1 microgranas per liter, 
for 9 minutes ; and 2 men, to 28.8 micrograms per liter, for 10 minutes, 
40 seconds, and 27 micrograms per liter for 6 minutes, 20 seconds, re- 
spectively. The symptoms were extremely mild. All of the men 
showed miosis and most of them complained of a slight feeling of tight- 
ness in the chest, lasting for several hours. The following sj'mp- 
toms were observed occasionally: increased nasal secretion, nausea, 
salivation. 


Table 9 

Effect of Inhalation op DnbOPBOPTL-Fn:oBOPHO''PH\TB Vapob on Slbcm 
Cholinesterase .^crniry In I ivo in Man 


Relative yholinestera&e activitj' at 


Subject 

Concen- j 
tration 
of DFP 
vapor 

Duration 

of 

exposure 

various interval after exposure* 

6-30 



min. 

1 1 2 

3 4 

6 

8 

10 15tl7 


7 per 1. j 

min. 


1 

I 

1 1 

1 

1 



J.H. 

19 t 

8.7 

* 4 

131 

l29j 

1 

58 

Iti 

R,L. 

19 j 

8.7 

3 

7 

1281 

t 

53 

.77 

W.B. 

19 ' 

8.7 

2 

•14 

« 3 

1 1 

55 

72 

M.G. 

19 1 

8.7 

3 

12 

,31 

1 

50, 

i 69 

J.P.M. 

19 1 

8.7 

1 

1 71 

'30 

1 

52 

68 


** These \ alues are per cent of the pre-exposure \ alues. 

Table 9 shows the decreases in serum cholinesterase acthity, imme- 
diately after exposure, and the rate of return of the activity to normal. 
It may be seen that, immediately after gassing, the serum cholinesterase 
activity decreased to about 1 to 6 per cent of the pre-exposure value. 
The rate of return to normal was very slow. On the average, the activ- 
ity returned to about 30 per cent, in four days; to about 50 per cent, in 
8 days; and to about 70 per cent, in 15 days. The red cell cholin- 
esterase activities of several of these men were determined immediately 
after exposure and were found to be only slightly decreased below pre- 
exposure values. These results show, therefore, a correlation with the 
in vitro sensitivities of human serum and red cell activities. 


Rate of Restoration of Rabbit Plasma, Red Cell, and Brain CholiU’- 
esterase Activities after Poisoning with DFP. The slow rate of re- 
generation of serum cholinesterase activities, demonstrated above in 
man and monkey, raised the question as to the rate of regeneration of 
brain cholinesterase activity. The average brain cholinesterase activ- 
ity was first determined in a series of normal rabbits. Each of a group 
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of about 50 rabbitti was injected with 0.3 mg. DFP per kg., and blood 
samples were taken, before injection, for determination of normal 
plasma and red cell choline^terafce. At this dose, the rabbits developed 
tremors within about 15 minutes after injection and continued to have 
these tremors throughout the day. About 10 per cent of the animals 
died. The surtdting animals were free of symptoms the day following 
injection. At suitable intervals after injection, blood was taken for de- 
termination of plasma and red cell cholinesterase activities. At these 
or other times after injection, 1 to 6 rabbits were selected for sacrifice. 
Brains were removed, within 5 minutes after death, and the brain 
cholinesterase activities determined. The plasma cholinesterase ac- 
tivity returned to normal values in about 5 days. The red cell cholin- 
esterase activity returned to normal somewhat more slowiy. It w^as 
about 50 per cent of normal in about 5 days and attained the normal, 
pre-injection level in 10 days. The rate of recovery of brain cholin- 
esterase activity was exceedingly slow’. Ten days after injection, the 
brain cholinesterase activity w’as about 60 to 60 per cent of normal. 
Twenty to thirty days after injection, it W’as about 60 to 70 per cent 
of normal. Fifty days after injection, the brain cholinesterase activity 
had returned to 90 per cent of normal. 

Attempts at Reversal of DFP Inhibition of Cholinesterase. It has 
been shown that the inhibitions of phosphatase by amino acids, of 
pepsin by proteolytic digestion products,®® and of cholinesterase by 
physostigmine®®* ®® may be reversed by subjecting the enzyme-inhibitor 
mixture to dialysis or dilution. In the present study, the serum and 
brain extracts of rabbits injected with 0.3 mg./kg. DFP were dialyzed 
against several changes of saline, for about 24 hours. Rabbit plasma 
was also treated in vitro with DFP and then dialyzed, for 24 hours. 
In neither type of experiment w’as there any increase in activity of the 
inactivated cholinesterase. The in vitro results are in agreement with 
those of jMackworth.®^ Dilution of mixtures of cholinesterase and 
fluorophosphate failed to show’ any relativ’e increase in enzyme activ’- 
ity. This w’as in contrast to the results obtained on dilution of physo- 
stigmine-cholinesterase mixtures. 

In view’ of the difference among the cholinesterases of different tis- 
sues to inhibition by DFP, it would be unjustified to draw any conclu- 
sions from our data concerning the sensitivity to inhibition of cholin- 
esterases, at autonomic effector organs, ganglia, or myoneural junctions. 
According to the concept of chemical transmission of nervous impulses, 
the extent of cholinesterase inhibition, at these sites, should be corre- 
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lated with the appearance of various cholinergic symptoms. In gen- 
eral, in the monkey or rabbit, such cholinergic symptoms as muscular 
tremors, salivation, and diaiThea were associated with low’ red cell and 
brain cholinesterase activity, and death w'as associated with zero brain 
cholinesterase activity. How’ever, this association is to be regarded ab 
fortuitous. Conversely, it should be emphasized that depression of 
semm cholinesterase activity docs not necessarily indicate the appear- 
ance of cholinergic symptoms. In monkey and man, for example, the 
sei-um cholinesterase activity may be reduced to extremely low’ levels, 
without the manifestations of such symptoms. 

The persistence of low’ serum, red cell, and brain cholinesterase ac- 
tivity in the rabbit, for periods of o, 10, and 60 days, respectively, and 
of low sei-um cholinesterase activities in the monkey and man, for 
periods of at least one to two w’eeks, offers evidence in support of the 
irreversibility of inactivation in vivo. Hall and Ettinger^" found that, 
after injections of phy&ostigmine in the dog, the serum cholinesterase 
activity dropped to 10 to 25 per cent of normal in about a half hour 
and returned to normal in tw’o hours. This prompt restoration of nor- 
mal activity may w’cll be expected in the case of a readily reversible 
inhibitor-enzyme complex. On the other hand, the long periods of 
time necessary" for the restoration of normal cholinesterase activity, 
after exposure to DFP vapor or injections with DFP solutions, in the 
instances mentioned, are of the same order of magnitude as those nec- 
essary for the regeneration of protein,’*^ and w’oul<l seem to indicate a 
sjmthcsis of enzyme protein, 

DFP has akeady been proved to be of considerable value as a tool in 
investigative w’ork. Its anticholinesterase action has made it a candi- 
date for clinical trials in Myasthenia gravis and glaucoma,'^-’^^ The 
marked degree to w’hich it may inhibit cholinesterase activity in vivo, 
and the character of this inhibition, have, as w’e have seen, permitted 
studies of the rate of regeneration of various tissue cholinesterases. 
They open the w’ay to further studies on the w’ay in w’hich diet, drugs, 
or the existence of various pathological lesions influence the regenera- 
tion of cholinesterase. We have ako seen that DFP has permitted 
more incisive studies into the role of cholinesterase in nerve transmis- 
sion.^^’ 


SPECIFICITY 

Specificity of Cholinesterase Action, The question of the specificity 
of the cholinesterase activities of various tissue extracts has claimed 
considerable attention. Although certain general distinctions between 
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the pattern ot certain oi the cholinesterases may be made, it will be 
shown that there are a number of exceptions to any strict classification. 

Eassun and Stedman^" proposed the following criteria for the specific- 
ity of the cholinesterase action of different sera: lal relative action of 
the >erum on choline and non-<*holine esters; i b \ inhibition of the ester- 
'-plitting action by prostigmine: \c\ hydrolysis of mixed substrates. 
Thus?, human serum was conssidered to contain a specific cholinetsterase, 
because its? action on non-choline esters was about 1, 80th of that to- 
wards butyrjdcholine, and because both actions were inliibited to the 
same extent by the same concentration 1 10’" IM l of prostigmine. On 
the other hand, guinea pig serum was considered to contain a specific 
eholinestera^ie and a non-choline, ester-splitting esterase; because the 
rate of action*- on Imtyiylcholine and methylbutyrate were of about the 
same magnitude; because 10"^ M prostigmine inhibited, markedly, only 
the action on Inityryleholine; and because the actions on a mixture of 
butyrylcholme and methylbutyrate were equal to the sum of the action 
on each. We have lound that judgment as to the relative action of a 
seiaim or tissue exTva(‘t on acetylcholine and non-choline esters may de- 
])end considerably on the particular esters employed. For example, if 
the actions of human and rabbit brain extracts on acetylcholine are 
compared with that on monoacetin, it is found that there is relatively 
little hydrolysis of the latter. It might be concluded that these extracts 
contain, chiefly, specific cholinesterase. On the other hand, if the ac- 
tion is compared with that on triacetin, it is found that there is consid- 
erable hydrolysis ot this e*-ter, and it might just as readily be concluded 
that the content of non-specific esterase is very high, 
ilendel and Rudney^^ stated that there were two different cholin- 
esterases in the body: one of which acted exclusively on choline esters; 
and the other, a non-specific enzyme, which split both choline and non- 
choline esters. These they termed ‘‘true'' and ‘'pseudo’'-cholinesterases, 
respectively. In addition to some of the criteria for specificity em- 
ployed by Easson and Stedman,**" Mendel and Rudney^® pointed out 
that the non-specific or “pseudo' -cholinesterases exhibited maximal ac- 
ti\nty at high concentration^? of the substrate, acetylcholine, Vherea& 
the *‘true" cholinesterase «?howed optimal actmty at low substrate con- 
centrations. According to these authors, inhibition of both choline 
and non-eholine ester hydrolysis constitutes a criterion for distinguish- 
ing the cholinesterase as “pseudo."’ We have found that the anti- 
cholinesterase compound, DFP, markedly inhibits the mouse brain 
hydrolyses of both acetylcholine and triacetin. According to the cri- 
teria of IMendel and Rudney, this finding should classify mouse brain 
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cholinesterase as a “pseudo”-cholinesterase. Yet, these authors had 
classified it as a “true” cholinesterase, since its hydrolysis of acetyl- 
choline was inhibited by physostigmine, whereas the hydrolysis of non- 
choline esters w'as unaffected by this compound. 

According to Mendel’s and Rudney’s criteria, the red cells of sev- 
eral species l human, horse, sheep, ox) contained two enzymes: a spe- 
cific or “true" cholinesterase and a non-choline ester-splitting enzyme. 
Mendel and Rudney classified red ceil cholinesterase as “true” cholin- 
esterase, because a purified preparation hydrolyzed acetylcholine, but 
failed to hydrolyze non-choline esters, as exemplified by methylbuty- 
rate or tributyrin. We have found that such a purified preparation 
splits triacetin, a non-choline ester, which Mendel and Rudney did not 
test. 

Xachmansohn and Rothenberg^'* have inclined towards the \dew that 
specificity is relative, and that tissue extracts containing the specific 
cholinesterase split acetylcholine at a higher rate than other esters. 
According to these investigators, the esterase in all nerve tissue is either 
exclusively or predominantly cholinesterase. Results which we have 
obtained confirm those of Xachmansohn and Rothenberg, except for 
the ester (triacetin) , which was not tested by these investigators. This 
ester was hydrolyzed more rapidly than acetylcholine. 

The results on several aspects of the action and inhibition of various 
cholinesterases have been summarized in table 10. Although the data 
are not complete, it may be seen that, except in two respects, the cholin- 
esterases may be divided into two general groups. In the first group, 
the enzymes follow the Michaelis-Menten formulation for the relation- 
ship between reaction velocity and substrate concentrations. There is 
no inhibition by caffeine; a marked inhibition by percaine; no activa- 
tion by Xa”^ and K*; and failure to hydrolyze acetyl-B-methyl cho- 
line. In the second group, inhibition occurs at higher substrate con- 
centrations; there are also: inliibition by caffeine; slight inhibition by 
percaine ; activation by Xa'" and K-^; and the ability to hydrolyze acetyl- 
B-methyl choline. How^ever. as already pointed out, DFP inhibits the 
non-choline ester hydrolysis of the enzymes, in both of these groups. 
Although DFP seems to inhibit the cholinesterases of the first group 
more markedly, there is considerable variation in sensiti\dty to inhibi- 
tion. Moreover, there is no sharp distinction between the enzymes of 
these two groups, with respect to the ratio of velocities at which they 
hydrolyze triacetin and acetylcholine. This latter finding may be ex- 
plained by assuming that there are varying amounts of non-acetyl- 
choline hydrolyzing esterases in these preparations. Further work is 
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indicated to explore the actions of various cholinesterases, with respect 
to the criteria indicated in Table 10. 

IN VIVO CHANGES OF CHOLINESTERASE 

Alterations of Cholinesterase Activity in Disease, Considerable clin- 
ical and pharmacological investigation into the in vivo changes of 
cholinesterase activity has been conducted, with a ^iew to determining 
the physiological significance of cholinesterase. The pathological con- 
dition which has attracted most attention, in this respect, is Myasthenia 
gravis. In this condition, which is characterized by muscle weakness 
and inclination to fatigue, it has been postulated that there is a defi- 
ciency of acetylcholine at the neuromuscular junction. Such a postu- 
lated deficiency may, of course, be brought about by a failiu'e to syn- 
thesize acetylcholine, or by an excessive amount, or excessive acthity, 
of cholinesterase at the neuromuscular junctions. That the latter 
mechanism is operative has been assumed, because of the finding that 
prostigmine, an inhibitor of cholinesterase activity in vitro and of 
serum cholinesterase activity in vivo, results in clinical improvement.’**^ 
There is, however, no conclusive evidence of increased cholinesterase 
concentration or activity at the myoneural junctions. A number of 
investigators have failed to find increased cholinesterase activity 
in the serum in Myasthenia gravis, and, although the cholinesterase 
acti^dty of muscle may perhaps not be regarded as too specific, there 
has been a similar inability to find increase of cholinesterase acthity 
in muscle.''*’ Other explanations of the physiological fault in Myas- 
thenia gravis and of the action of various drugs have been submitted 
by Gammon, Harvey, and "Masland,®* 

There are, however, several conditions in which definite changes in 
serum cholinesterase activity have been reported. There is fairly 
general agreement that debilitating diseases, such as tuberculosis, can- 
cer, and liver disease, are characterized by low serum cholinesterase 
actmties.^*^’*** For example, Faher^^ found ranges of 65 to 150 units in 
nonnal men and 57 to 184 in normal women. In acute hepatitis, values 
ranging from 41 to 51 units were obtained; in liver cirrhosis, acthities 
ranging from 77 to 92; in cancer, from 33 to 99; and in uremia, from 
32 to 56 units. High serum cholinesterase actmties have been re- 
ported in hyperthyroidism.***’ 

The author does not know, how’ever, of any evidence to indicate that 
the low serum cholinesterase values found in debilitating diseases are 
of any special significance, so far as transmission of nervous impulses 
is concerned. Indeed, these low cholinesterase activities appear to be 
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merely a reflection of the state of the serum proteins. Faber®® has 
found that there is a direct proportionality between serum cholin- 
esterase acthdties and the concentration of serum albumin, but not 
between these activities and the concentration of total serum protein 
or that of the serum globulin. This, of course, does not imply that 
cholinesterase is an albumin. Faber^" has noted that, in proteinurias, 
the serum cholinesterase acti\dties remain high, relative to the concen- 
tration of the serum albumin. There is an indication, in these observa- 
tions, that the formation of serum cholinesterase parallels that of serum 
albumin. 

We have already discussed the effects of DFP on the in vivo activity 
of serum, red cell, and brain cholinesterases. There are, in the litera- 
ture, similar studies on other drugs. Perhaps one of the most detailed 
is that of Schutz,*^"*' concerning the effect of barbiturates. This 
investigator noted that the prolonged administration of these drugs, in 
man and animals, resulted in marked decreases of serum cholinesterase 
activity, although these drugs in concentrations of about 0.01 M do 
not inhibit the in vitro serum cholinesterase actmty. He also ob- 
served that such prolonged administration in animals resulted in in vivo 
decreases of brain, spinal cord, and muscle cholinesterase acthity. His 
explanation was that the barbiturates decreased the acthity of the 
cholinergic system and, hence, the demand for cholinesterase. Such 
an explanation is, of course, teleological and demands direct proof of 
decreased synthesis of the cholinesterases involved. 

CONCLUSION 

As a conclusion to this review, it may be of value to emphasize certain 
general points. The literature, as well as our own data, indicates that 
we cannot speak of “one” cholinesterase, identical in its properties, no 
matter where it may be found. AYithin one species, the enzyme differs, 
in certain respects, from tissue to tissue, and the enzyme of a given tis- 
sue may differ from species to species. Perhaps, then, it would be more 
proper to speak of a “family” of cholinesterases, the members of which 
resemble each other in some attributes and differ in others. Classifi- 
cation into certain groups may now be possible, but even within such 
groups, differences in properties may occur. Considerably more ex- 
perimental work with various criteria of enzyme action is necessary, in 
order to achieve a more satisfactoiy classification. The writer believes 
that many of the controversies on the properties of cholinesterase which 
have occurred in the literature will be resolved, if the foregoing consid- 
erations are kept in mind. 
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It would also appear that thetje considerations will be of aid in 
elucidating various physiological and physiopathological problems. It 
has already been pointed out that the cholinesterase activity of the 
serum is not necessarily an indicator of the cholmebtera<?e acti\ ity o* 
the brain. Attempts to define the role of cholinesterase activity in the 
transmission of nerve impulses must concern themselves with a study 
of the properties of cholinesterase, at various loci of the nervous system, 
and with a correlation of the in vivo alteration^ of the activitj" of these 
cholinesterases, in response to administration of drugs or to other fac- 
tors which have an effect on nerve activity. Finally, it would seem 
that the compound, DFP, because of its capacity for decreasing mark- 
edly, and apparently with a considerable degi’ee of irreversibility, the 
content of cholinesterase in various tissues, may «erve as a most useful 
tool for elucidating the role of choline!5tera.^e and the factors? which 
influence its synthesis and degradation. 
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THE EFFECTS OF DRUGS ON 
NERVE ACTIVITY 

By Alfred Gilmax* 

Phatmacoloqg Section, Midtcal Dimiot , Chcmwal Wnnan S*nic€, Edqetvoud 

Mat gland 

1 cannot help but feel somewhat apologetic for having consented to 
contribute to this symposium. Indeed, as the date for this conference 
approached, it became more and more apparent that I had become in- 
volved in an extremely paradoxical situation. On firat thought, it 
would seem reasonable to request a pharmacologist to di'^cus? the sub- 
ject of the effects of drugs on nerve activity. However, a moment's 
reflection, which unfortunately, from my point of view, was too long 
delayed, results in the irrefutable conclusion that it is the neuro- 
physiologist who should be addressing the pharmacologists on this 
subject. 

Although the phannacologist has, as his ultimate objective, the 
elucidation of the fundamental mechanism of action of drugs on cells, 
he is continually frustrated by the limitations of his own technics. The 
very nature of the subject of pharmacology, which borders on so many 
medical disciplines, almost precludes the possibility of the investigator 
in this field engaging in the basic research which is essential for the 
reaching of his objective, except, possibly, in a chosen, limited field. 
It is from the neurophysiologist, therefore, that the answer to many of 
the basic problems of the actions of drugs on the nervous system can 
be expected. 

If one wishes to indulge in oversimplification, the entire subject of the 
effects of drugs on nerve actmty can be summarized in a few moments 
or even in a single sentence. There is no phase of nerve activity which 
cannot be profoundly affected by drugs. Effector cells can be com- 
pletely released from nervous control or, conversely, the effects of nerve 
impulses can be faithfullj" mimicked; conduction in nerve fibers can be 
completely blocked; synaptic transmission can be interrupted or en- 
hanced; cord transection can be simulated; selected centers in the brain 
can be stimulated or depressed. It only remains to name the drugs 
associated with these actions. 

Any further amplification would result in a textbook discussion, 
in which, in a more or less orderly fashion, the actions of drugs could 
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be classified in such general termb as local and general anesthetics, 
analgesics, central stimulants, blocking agents, etc. For the purpose 
of understanding the therapeutic application of drugs modifying 
nervous acthdty, such information may be adequate. However, from 
the standpoint of the contributions that drugs can make toward the 
solution of basic problemss in neurophybiolog\\ our understanding of 
their mechanism of action is as yet inadequate. 

Drugi have proved to be invaluable tools in many fields of biological 
and medical re>earrh. a statement which the neurophysiologist would 
be the last to deny. Theii value is readily ai)])reciated, when one con- 
siderfc one of the few batic and general ttatenienti? which can be made 
concerning the fundamental mechaiii'^m of action of drugs: namely, 
that drugs cannot impart ntw function- to cells or tissuess, but can 
only modify, ‘e., stimulate, rlepre^s-, or block, functions which are the 
fumlamental properties ut that cell or ti-&ue. Thus, when a drug pro- 
duce- general or local anesthctia, has a commlsant action, blocks 
synaptic transmission, -stimulate- chcmoreceptors, or affects nerv'ous 
a<‘tmty in any ot a variety of wayt, no matter how extreme the re- 
bpon-o, the a— ui’ance is ju.-tified, until an exception to the general rule 
can he proved, that the drug in question has modified a normal cellular 
function. 

Examples of how chemical agents, foreign to the body, have con- 
tributed to physiological concepts are numerous. Indeed, through 
these tlie subject matter of neurophysiology’ has been enriched. 
Surely, it cannot be mere coincidence that so many basic contributions 
to the concept of the chemical transmission of the nerve impulse had 
their origin in pharmacological laboratories? Rather, the Imotvledge 
that chemical agents could mimic, in end-organs, the effect of nerve 
stimulation served as the basic stimulus for the search for evidence of 
chemical mediation. Is it not possible that, in some drug, still inade- 
quately explored by the neurophysiologist, lies the answ’er to a basic 
neurophysiological problem? As a possible example, let us consider 
the local ane&thetics. The local anesthetic action of cocaine was first 
demonstrated in 1884. This type of action has been shown to be 
exhibited by a variety of chemical structures, but the tertiary amino 
enters of benzoic acid and para-amino benzoic acid, as a group, are 
capable of blocking transmission. These compounds show no respect 
for any classification of nerves, but block cholinergic and adrenergic, 
sensory and motor fibei*s in an indiscriminate manner, which points 
to a basic action on a fundamental mechanism of transmission, shared 
by all nen’es. Is ir nnr reasonable to suppose that, by inquiring more 



OILMAN: EFFECTS OF DREGS OX NERVE ACTIVITY 551 

deeply into the action of drugs such as the local anesthetics on a cellular 
level, information may be gained on the mechanism of the propagation 
of the nerve impulse? 

The full realization of the contributions that drugs can make to the 
elucidation of fundamental physiological mechanisms, can only result 
from the cooperative research efforts of the pharmacologist and those 
investigators t\ho are focusing their interests more intensively on a 
specific field. This is readily appreciated, in so far as the full exploita- 
tion of the therapeutic applications of a drug is concerned. The 
pharmacologist, who, in the course of an investigation on central de- 
pressants, finds a compound with new and significant anti-commlsive 
properties, will invariably refer the compound to a clinical neurologist, 
if he deems it worthy of consideration as an anti-epileptic. During 
the course of chemical warfare research, compounds were studied 
which, to the pharmacologist, suggested themselves as potential thera- 
peutic agents in the treatment of such unrelated conditions as Hodg- 
kin’s disease, mercuiy poisoning, Myasthenia gravis, and glaucoma. 
In every instance, the prediction of therapeutic worth which was based 
upon laboratoiy analyses proved correct, but it was only through the 
efforts of clinicians, highly specialized in their particular field, that the 
full appreciation of the therapeutic value of these particular agents 
was realized. 

Drugs are constantly following the path from laboratory to clinic, 
and many of the outstanding medical accomplishments of the past 
decade are the result of this cooperative effort. However, drugs can 
only make their full contribution to the science of medicine when they 
also follow' another, more fundamental, and possibly more important 
path: namely, from the laboratory of the pharmacologist to the labora- 
tories of investigators working on those physiological problems which 
attempt to define biological processes in their most fundamental terms. 
That dinigs are not being fully exploited, in this respect, is a regrettable 
fact. Even in the field of neurophysiology, w'here drugs have proved 
such valuable research tools, a full realization of their potential contri- 
butions has not been reached. The tendency, rather, has been to accept 
drugs with known actions and to employ them for these actions, rather 
than to investigate imknowm mechanisms of drug action as probes into 
physiological processes. This occurs despite the fact that acetylcholine 
and physostigmine, tw'o drugs which are better understood than any 
other compounds affecting nerve action, have paved the way toward 
revolutionaiy^ concepts in an understanding of synaptic transmission. 

New agents affecting the nen'ous system are constantly being de- 
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scribed. They are conveniently labeled as comiilsants, depressants, 
etc., and sporadic attempts are made to localize their action, following 
which, investigation is considered to be complete. I wish to take this 
opportunity to present three new compounds which have come to the 
attention of those who, during the pa&t few' years, have been w'orking 
in the field of chemical warfare. These are highly toxic agents which 
must, by definition, exert profound effect‘d on basic cellular mechanisms. 
As a result of the cooperative re^-earch program, associated with the war 
effort, these compounds have received more fundamental study, in the 
course ai a few years, by gr<jups with more divergent interest, than is 
u^ually the ca^e w’ith better-known and more widely-employed drugs. 
These three compounds have been selected for discussion from a large 
group, because (d the profound actions w'hich they exert on the nervous 
system. 

The first of these compounds is the sodium salt of fluoroacetic acid. 
This agent h^l^ had an intere-siting history. It represents, in its prac- 
tical appli<*ationb, one of the many fruitful by-products of chemical 
warfare research, Sodium fluoroacetate was screened by the Fish and 
Wildlife Service and has proved to be by far the most outstanding of 
all rodenticide«. Now' knowm as Compound 1080, it promises to be 
an important agent in the control of the spread of disease and the eco- 
nomic w'astage caused by rodents. Yet the prediction is not unjustified 
that the compound may prove to be of even more significant value as a 
laboratory' research tool, assuming equal importance, in this respect, 
w'ith the iodoacetates. 

Although the fluoroacetate ion resembles iodoacetate in structure, it 
shares none of its chemical or physiological properties. However, both 
halogenated acetates exert profound effects on cellular metabolism. 
Highly provocative are the observations of Barron and co-workers,^ 
that the oxidation of acetate by yeast, rat kidney suspensions, and 
heart slices is inhibited by fluoroacetate. 'ftTien pyruvate is used as 
the oxidizable substrate, there is an accumulation of acetate, after the 
addition of fluoroacetate, and the sjmthesis of carbohydrate from 
pyruvate is completely inhibited. Barron has advanced the reasonable 
hypothesis that fluoroacetate, because of its close structural relation- 
ship to acetate, blocks, by competith'e inhibition, enzyme systems con- 
cerned with the utilization of acetate. 

When one considers the basic importance of acetate metabolism, it 
is of extreme interest to inquire into the pharmacological actions of a 
compound which, possibly, interferes with the utilization of this essen- 
tial metabolite. These actions have been investigated by Chenoweth 
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and Gilman.^ Species vary greatly, both in their response and toler- 
ance to fluoroacetate. In general, the fluoroacetate ion possesses two 
main pharmacological actions. In some animals, it affects primarily 
the heart. Energy metabolism and conduction are so disturbed that 
pulsuis alternans, A-V block, frequent ectopic ventricular beats, and 
eventually, ventricular fibrillation result. Most herbivorous animals, 
a!> well as those species of primates that have been studied, are sus- 
ceptible to the cardiac actions of the fluoroacetates. The actions of the 
fluoroacetates on the nervous system are even more striking. Follow- 
ing a latent period of approximately one hour, animals become progres- 
sively more excited, and eventually exhibit severe epileptiform con- 
\iilsions which continue, uninterrupted, imtil death. Dogs and cats 
respond in this manner. Most of those species which exhibit the car- 
diac actions show no evidence of central stimulation. However, 
primates, although succumbing to the cardiac action, may show mild 
epileptiform comnilsions. In regard to susceptibility, the lethal con- 
vulsive dose in the dog is approximately 0.1 mg./Kg. The lethal dose 
in primates is approximately 100 times as great. 

When one considers the descriptive pharmacology" of fluoroacetate in 
the light of its possible fundamental mechanism of action, certain ques- 
tions come immediately to mind. Are differences in species response 
due to different metabolic patterns in their nervous tissue? Observa- 
tions of Chenoweth and co-workers support the view that the primate 
myocardium is uniquely dependent upon the utilization of acetate, for 
adequate function. Similar investigations may reveal that the same 
is true of the nervous system in the case of the dog and cat. It has 
been shown by Tepperman and Mazur^ that, in the presence of fluoro- 
acetate, acetylation is greatly enhanced, presumably because of the 
high concentration of available acetate. Could this finding possibly 
be concerned with the convulsive action of the fluoroacetate ion? 
These are but a few of the problems, pertinent to the nervous system, 
that hav"e been raised by the preliminary inv^estigations of this drug. 
By the proper utilization of fluoroacetate as a research tool, it may be 
possible to relate specific disturbances in the metabolism of nervous 
tissue to functional abnormalities. In this respect, it is of interest to 
note that the electroencephalogram obtained during a fluoroacetate- 
induced convulsion is almost identical to that of a petit mal epileptic 
seizure. 

The second compound to be discussed is diisopropyl-fluorophosphate. 
This compound represents a new type of anticholinesterase. Not only 
does it depart, in its chemical configuration, from previously" studied 
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anticholinesterase agents, but it also differs in its fundamental mecha- 
nism of action, in that the inhibition of cholinesterase is irreversible. 
WTiat is more, diisopropyl-fiuorophosphate is highly lipoid-soluble and 
rapidly gains accest to nervous tissue. 

In diisopropyl-fluorophosphate, the neurophysiologist has at his 
commanti a rc“-eareli tool in which the lundaniental rntn'liani^'in of ac- 
tion i^ known. Thu&, if the major premi^-e of iny iniinductor}- n- 
marks i.^ to htdd true, the aj^plication oi thi> eomjxinnd to pioblnii« ot 
neuroi>h>>iologj" should help to prove or disprove tuiulaiucntal con- 
cepts of nerve functitm. 

The advantages of an irrevei'-ible unticLoline&tt ra&e, a*- a research 
tool, are at once evident. Following the action of dii^^opropyl-fluoro- 
pho&phate, the cholinesterase activity ot a tissue can be restored only 
by resynthtsi^ of enzyme. Moreover, the agent can he arlmmi&tercd, 
and the re-pon-e of a tissue stiidietl. Ftdlowing thi*^, the ti^'-ue can 
be removed and ground: the h( mocenate appropriately diluted; and the 
absolute choliiics?tcra‘'e activity detiimined: an approach which cannot 
he employed with a compound ^uch phy«0'-tiginine. due to the re- 
versible nature of it« inhibition. Tims, for the first time, a highly quan- 
titative ajtproach to the problems ol the role of cholinesterase and 
acetylcholine in the tran^smis^^ion of the nerve impulse i«! available. 

Diisopropyl-fluorophosphate has already followed the path from 
the laboratory" to the clinic. Comroe and associates, ** at the University 
of Pennsylvania, and Harvey and co-workers,*' at Johns Hopkins, have 
employed this agent in the treatment of MyaBthenia gratis. The 
therapeutic efficacy of this type of compound, as well as its limitations, 
has already been demonstrated. Of even greater interest, will be the 
more fundamental data, from these studies, which may shed light on 
the defect in transmission associated with this myopathy. 

Basic laboratory studies, employing diisopropyl-fluoropho^^phate as 
a research tool, have also begun. I should like to report, in some detail, 
the experiments of Crescitelli and co-worker&/ designed to elucidate 
the possible role of acetylcholine in the conduction of the nerve impulse 
along the nerve filnr. The backgroimd literature to thi-s problem has 
recently been summarized by Loewi" and by Feldl)erg.*‘ and need not 
be repeated here. Mention bhould be made, however, of the studies 
of Cowan,® Lorente de Hertz.” and Cantoni and Loewi, in 
which either physostigmine or acetylcholine failed to exert a significant 
effect on transmission in the nerve fiber. However, the availability 
of an irreversible inhibitor of cholinesterase, which afforded an oppor- 
tunity to correlate nerve function with quantitative data on cholin- 
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Cteterase concentration, prompted a repetition of this type of study. 
Moreover, advantage was taken of the opportunity to compare the 
effects ot a reversible ( physostigmine i and an irreversible anticholin- 
e«tera!se. The nerve action potential was employed as an index of 
effect on transmission. It was argued that, whereas both tj'pes of anti- 
cholinesterase agent should affect the neiwe action potential in the 
same manner, assuming acetylcholine to play a major role in trans- 
mission, the action of physo&tigmine should prove reversible, that of 
diisopropyl-fluorophosphate, irreversible. The possibility that phy- 
sostigmine might not gain access to those structures accessible to di- 
isopropyl-fuorophosphate was avoided, as far as possible, by employ- 
ing the alkaloid base, as well as the salicylate salt. 

Two types ot experiments were performed. In the first, isolated 
nerves of bull frogs and of cats were mounted in a moist chamber, 
l»laced in a constant temperature bath of appropriate temperature. A 
portion of the nerve was looped into a small chamber containing 
Ringer’s solution. Following the recording of control action potentials, 
the effects of the various drugs were ascertained. 'WTien the isolated 
nerves of the cat or the bull frog were exposed to 0.01 molar phy.‘!0stig- 
mine salicylate, no detectable change in the action potential was ob- 
served. However, when the solution containing the salicylate salt of 
physostigmine was replaced by the alkaloidal base, the action potential 
disappeared within a period of 10 minutes. Washing the nerve tvith 
Ringer's solution re«itored the action potential completely. Thus, the 
water-soluble salicylate «alt was devoid of action, whereas the lipoid- 
soluble alkaloidal ba.'se blocked transmission. 

Similar experiments were then performed, by exposing the ners’e 
to 0.02 molar diisopropyl-fiuorophosphate. Again, the action poten- 
tial disappeared within a few minutes. It only remained to demon- 
strate the irreversibility of this block, in order to attribute the effect 
to the inactivation of cholinesterase. However, washing the neiwe 
rc'-tored the action potential, despite the fact that the action of di- 
isopropyl-fluorophosphate was supposedly irrevei-sible. In tow of 
this surprising result, cxiwiments were performed to determine the 
extent of the wash necessary to restore the nerve and the speed at 
which the action potential returned. Dming the course of these studies, 
it was observed that it was only ncce«sarj’ to remove the nerve from 
contact with the solution containing diisopropyl-fluorophosphate, to 
restore the action potential completely. Thus, the conduction defect 
could not have been related to an inhibition of cholinesterase. 

It wa^ not po'ssihle, in the ex^periments on the isolated nerve, to meas- 
ure accurately the extent of inhibition of cholinesterase, for the reason 
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that only a very Mjaall segment of nerve was exposed. It was, thus, 
iuipotsiblc a<Itrjuately to wa&L the nerv'e, so as to preclude the possi- 
bility 01 ruechaiiical traij--ier of siiflBleient dii^^oprupyl-fluoropliosphate 
ti> inactivatfc c'liolmtsteia^e during the preparation of the nerve for 
enzyinatio ^tudk'*. For this reason, a series of experiments was per- 
foriiiMl in which j large rto'^e of diifeupropyl-fiuor<)pho''phate w’a^- in 
jeett'd into the ventral lymph sac of frogs and allow’ed to reach the 
mive, hy way oi the circulation. After a ^uitalde interval, the nerves 
w’tie di^^ecttil an<l their tran^mi*'^ion charat'teristics studied and com- 
pand with control lrogt>. Following tl is, the c!i(.»Iinestera<5e content of 
the control and experimental nerves wa^ studied. Despite the fact 
that the nervx.^ lU the experimental frogt were completely devoid of 
cholinc-tcnu^e, the transmi'-'^ion of the nerve impulse, as determined by 
the characteristic^ of the action potential, in response to single and 
repetitive stimuli, w’a^ unatfected. This finding ca«ts serious doubt 
on the role < i acny]ch(»Iino a< a de-pidarizer, in the processes of con- 
<Iuction along the axon 

Loewi, in !ii« ru-ent ren«w. quotes Dale a«. having once remarked 
that It w’a« unrca^<mal)le to Mippo«e that nature would provide for the 
lihtranon in tht aanulion acetylcholine, the most pow^erful stimulant 
ot ganglumic ctlN, for the eole purpose of fooling physiologists. WTiat, 
then, i« the function of cholinesterase in nerce fibers, which Xachman- 
sohn and hi« co-w'orkers have shown so conclusively to be concen- 
trated at the surface, rather than in the axoplasm? The answer is not 
yet fortlieoming. How^ever, in a drug like fluorophosphate, it is possi- 
ble, by localized injection, to reduce the concentration of cholinesterase 
in a choten tissue to negligible amounts. Thus, we have a research tool 
which may provide the an&w’er to these basic problemb. 

The third agent wdll be di^cu-^sed only very briefly. It shares with 
«lii«opropyl-fiuorophosphate the ability irreversibly to inactivate 
cholinesterase. It differs from diisopropyl-fluoropho«phate in pos- 
sessing a more outstandine action on the neiw'ous system Certain spe- 
(‘it''. in particular <*ats and dun's, exhibit '-evere cunvulsions. w'hich have 
their on^et wdthin a few minute'^ after the intravenous injection of the 
drug and wdiicli ptT'-i'-t until death. The fact that an anticholinesterase 
agent pubbC‘5H« Hich ixtreuii com'iiNant acti<»n could possibly be 
attributed to coincidence. However, there i'^ one finding wdiieh points 
to an intimate relationdiip bc‘tw’ten run\Til*flions and the chemical 
mediation ui (*entral «ynaptic transmibsion. If the animals receive 
a therapeutii* dn«t of atro]>iTie, before the admini'-tration of this anti- 
cholinesterabc, no conAuilsion^ are observed, and complete protection 
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is afforded from what would, otherwibC, be a lethal dose. Moreover, 
if the agent is adnunistered and the con\Tilsions are allowed to progress 
to their peak intensity, the intravenous injection of atropine stops 
ail comTilsive activity within 30 seconds, and the animal appears nor- 
mal, as soon as it recovers from its exhaustion. It should be empha- 
sized that the doses of atropine that exert this anticontiilsant action 
are of a small magnitude and, in themselves, exert no demonstrable 
central effects. No other central stimulant can be inhibited in this 
manner. The effect of atropine, in blocking the commlsant action of 
this anticholinesterase, is ai- dramatic and as complete as is the effect of 
atropine in blocking the reception of post-ganglionic cholinergic im- 
pulses by autonomic effector cells. It seems certain that, in this com- 
pound, there is a research tool which can make a significant contribu- 
tion to the fundamental problems of central synaptic transmission. 

During the past few years, the group of investigators at Edgewood 
Arsenal has been engaged in a cooperative research effort, in which toxic 
war gases or, in other words, highly active drugs, were the focal point of 
their investigations. Their efforts were coordinated with extensive 
programs of numerous academic groups. From the point of \’iew of 
the pharmacologist, this elaborate approach to the mechanism of drug 
action has proved to be an illuminating experience. One cannot fail to 
be impressed by tlie fact that, as the stoiy^ of each agent unfolded, its 
potential value toward the solution of fundamental problems in phy- 
siology and biochemistry" was more and more appreciated. 

I have departed from a routine discussion of the effects of drugs on 
nervous activity, to present to you three new agents which have re- 
sulted from this program. It may be predicted that, as research tools, 
they will prove invaluable. If so, then the contention made earlier will 
have been fulfilled: that, by tracing the actions of drugs to their cellular 
mechanisms, basic physiological processes will be revealed. 
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THE RECOVERY OF DIAMETER AND IMPULSE 
CONDUCTION IN REGENERATING 
NERVE FIBERS 

By Charles M. Berry and JobEPH C. Hixsey 
Di part nit nt oj Anatomy, Comtll Utniti<itif Mtdtcnl CulUyt, Attr Yoik, X. 5' 

The primarj" purpose of these experiments to study those prop- 
erties of regenerating fibers which could be observed oscillographically 
and related to histological controls. Therefore, the contours of the 
action potentials, the conduction A^elocities ot the impulses, and fiber 
diameters were followed in a series of cat nerves. The recuverj' of 
these properties might be considered to be a process of reconstitution or 
maturation, as opposed to the longitudinal outgi‘ov\th of the fibers, and 
since these properties continued to change over long periods of regenera- 
tion, measured in years, the experiments were spread over a wide range 
of time, from a few days to more than three years. 

Ha^ing observed the effects of time \ which is undoubtedly the most 
important factor in the reconstitution of fibers distal to a suture », we 
extended the experiments to include the effects of crushing the nerves 
compared to section and suture; the effects of delaying the suture after 
transection; and the effects of cross-suturing nerves containing fibers 
of different fiber diameters. The importance of these factors has been 
reemphasized in recent publications. The growth of fiber diameters 
in the distal stump over a one year period has been carefully plotted 
by Gutmann and Sanders.^ Furthermore, they showed differences in 
recovery between crushed and sutured ner^^s. The influences of phy- 
sical stresses in the ’‘union’' tissue described by Weiss- show the im- 
portance of the type of junction between central and distal stumps. 
The effects of delaying the suture after section of a peripheral nerve 
were studied by Holmes and Young,'* and the effects of cross-suturing 
\isceral and somatic nerves were reported by Simpson and Young."* 
Young and his co-workers have paid special attention to the connective 
tissue sheath diameters in the di&tal stump. 

METHODS AND RESULTS 
Action Potentials from Regenerating Nerves 

Cathode-ray oscillographs were taken from regenerating tibial, 
peroneal, and saphenous nerves of 64 cats. The nerv^es were transected 
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with a sharp blade and immediately sutured with bilk. Each nerve 
was allowed to regenerate for a detennxned interval, from 17 to 1363 
days, and was then excised and placed on electrodes in a moist chamber 
at 38° C. 

The regenerating fiber^ were able to conduct impulses after a very 
brief regeneration period, and at 17 days, action potentials were re- 
corded from the distal stuinp of one tibial nerve within a <iibtanoe of 
2 cm. from the suture Thi^ potential wa^- &mall, less than 10 micro- 
volts in amplitmle. and was conducted yevy <lo\\ly at a maximum of 
0.9 meters per second. The potential recorded from fibers which had 
regenerated for longer ixeriods were oi trreater amplitude and were con- 
ducted at greater velocdtio''. The increase in conduction velocity was 
rapid in the first few days and, hy 36 flays, velocities of 17 m.p.s. were 
recorded, as shown in pl\te 5 A. This record was taken from a mono- 
polar electrode placed 3.5 <‘m. distal to the suture, and shows a maxi- 
mum conduction velocity ut 17 in.p.s. and a spike amplitude of 25 
microvolt'5. The maximum conduction velocity continued to increase 
with the time allowed for regeneration, but at an ever-decreasing rate 
of recoverj’. Thus, at 50 day^, 25 m.p.s. W’ere attained; at 100 days, 
40 m.ps.; at 200 days, 60 m.p.s,; at 365 days, 70 m.p.s. Beyond 544 
days, no further recovery of conduction velocity w’as found, and at the 
long period of 1363 days, tmly 80 m.p.s. were attained. The record in 
PLATE 5 C was taken from the distal stump of a tibial nerve 1363 days 
after suture, and can be compared with the record from the opposite, 
normal, tibial nerve of the same animal in plate 5 B, in order to deter- 
mine the degree of recover>\ In plate 5, B and C, the conduction dis- 
tance was 8 cm., but in the record from the regenerated nerve, the dis- 
tance or time between the shock artifact and the beginning of the spike 
is greater than in the normal record, and shows that the 80 m.p.s. repre- 
sent less than 80^ recoverj" toward the normal conduction velocity. 
Similar results were obtained from the peroneal and saphenous nerves. 

Two other obsen^ations can be made from plate 5, B and C. Firstly, 
the amplitude of the spike is less in the regenerated nerve, and secondly, 
the spike in plate 5 C is not as complex. The lack of recovery of all 
the components of the spike was e%"en more obvious in records from 
the saphenous neiv'es, where the normal potential is more complex and 
consists of a double or triple peaked alpha wave and distinct beta, 
gamma, and delta waves. Even after long periods of regeneration, the 
saphenous nerve did not recover these wave components and showed 
only an initial peak which leveled off into a long tail. 
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An accurate method of determining the conduction velocitie^s of the 
most rapidly conducting fibers ib illustrated in figure 1. Several 
records were taken along a regenerating nerve at various conduction 
distance*?, and either the stimulating or the recording electrodes were 
placed at a fixed point along the nerve. Then the other electrodes were 
moved stepwise, to protdde a greater conduction distance for each suc- 
cessive record. Thus, in figure 1, the ^timulating electrodes were 
placed 4.6 cm. distal to the suture, and the pair of recording electrodes 
was placed at a variety ot points both ili^tal and proximal to the 
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suture. At each distance, a record was taken, and the conduction time 
was measured between the shock and the initial rise of the spike. WTien 
this time was plotted against conduction distance, as in figube 1, the 
slope of the line indicated the maximum conduction velocitj'. 

The change in the slope of the line, in figlbe 1. occurred at the suture 
line which shows that the distal outgrowths conduct more slowly tlian 
their parent fibers in the central stump. The actual velocities from this 
saphenous ner\’e, 58 days after suture, were 23 m.p.s distal to the 
suture, and these .'>ame fibers central to the suture conducted at 60 
m.p.s. The continuity of the plotted line and its straight contour cen- 
tral to the suture demonstrates that the change in velocity was recorded 
from identical fibers on both sides of the suture. 

Assuming that conduction velocity is related to the fiber diameter, 
the electrical method proves that the small fibers of the distal stump 
are not the result of a selective ability of only the small fibers of the 



562 


.4*V.V*-1LS XEW YORK ACADEMY OF ^sCIEXCEb 


central stump tu gi*ow out into the distal stump, before the larger fibers 
can grow. Conversely, it demonstrates that large fibers of the central 
stump send out small extensions into the distal stump, which then ma- 
ture and take on the action potential characteristic of smaller fibers, 
regardless of their origin. 

A consistent finding, not illustrated in figure 1, was that the conduc- 
tion velocity of the distal fibers was less at ureater distances from the 
suture. 


Fiber Diameter Measurements 

The regcnirating tihial. peiuneal and ‘-api.tuous nerves: which had 
been excised and iin^d lor action puttntial experiment> were fixed in 
o&mic achl and '‘Uidied micinscopicully. Tlie iiii.-st obvious change in 
the character oi the legencrating nervt^, they were allowed to grow 
f<»r hmuer an<l louaer periods, wa-* the gradual increu'-e in filter diam- 
etert. The our-iile dJainettr*'. in<*Iiidiiig both axi& cylinders and myelin 
^heutii^, w< re ua*aMired with a movable, ocular micrometer. To insure 
randoui •'ainpliiiu, the fiber** were measured in horizontal bands, with 
api)roximattIy 500 fiber-* mea^'Ured in each nerve. The results were 
plotted along fiber di'-tribution curve«, a< illustrated in figure 2. These 
nine liis-Tograma were picked from a «erie« of regenerating tibial nerves, 
to «liuw the diameter characteristics of the fibers in the distal segments 
at different time intervals following suture. Since the diameters were 
smaller, at greater distances from the suture, the portions of tibial 
nerves studied in each of the histograms in figure 2 wxre taken from 
similar levels, just beyond the upper branches to the gastrocnemius 
muscles, 3 to 5 cm. distal to the sutures. 

The shift in distribution from left to right in the histograms of 
FIGURE 2 shows rapid diameter growth between 33, 59, and 127 days 
after transection and suture. At longer regeneration times of 207, 318, 
and 420 days, the fibers continued to mature, but more slowly. At 
544, 901, and 1363 post -operative days, there wa^ negligible increase 
in liber diameter, but a 'complete rccoveiy of the normal fiber size was 
never attained. Even at 1363 post-operative days, the large group of 
fillers Udween 9 and 20 micra had not appeared. Similar lack of com- 
plete ret*overy of AIkt Mze w'as found in the peroneal and saphenous 
nerves. 

Particular attention was paid tu the measurement of the largest 
fil)ers in each nerv’e, since the maximum conduction velocity had al- 
leady been determined accurately, and it was a reasonable assumption 
that the largest fibers were re-'ponsible for the maximum conduction 
velocity. The growth of the largest fibers is illustrated in figure 3 
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FifliKL 2 Rt*H)njstnution of fiber diameter with regeneration time. Each fiber diameter diatri- 
!iut on graph i*- tiom a difterent ner\e, excised on the mdicatcd number of daj’s after transection 
and suture. 
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as a graph of fiber diameter against the amount of time allowed for re- 
generation after suture of the tibial ner^’-es. The leveling off of the 
diameter gro\\th cur\"e at a level between 14 and 16 micra again illus- 
trates the incomplete “maturation’' of fibers, even after long periods 
of regeneration. 

The Relationship between the Conduction Velocity and the 
Fiber Diameter 

The results from both the action potential and the fiber diameter 
^studies shotted a gra<lual rectivcrj", which tapered off with no complete 
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return of either the velocity of impulse conduction or the size of the 
fibers. The actual relationsihip between the two functions is shown in 
FiouRE 4, where tite maximum conduction velocity is plotted against 
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the maximum fiber diameter for each nerve. The linear relationship 
between the two functions is thus illustrated in a new way, and con- 
firms the contention of Gasser and Grundfest,’ that the relationship is 
a linear one. Less deviation from the straight line in figure 4 tvas 
found at the lower end of the graph, if the inside diameter < without 
myelin sheath I was measured instead of outside diameter. 

The Difference in Recovery between Sutured and Crushed Nerves 

In a small series of 10 cats, the tibial, peroneal, and saphenous nerves 
were crushed with thin, flat-surfaced forceps, and the nerves were al- 
lowed to regenerate for determined intervals. The purpose of these 
experiments was to determine whether the recover^" of the action poten- 
tial and fiber diameter w’ould occur in the same way as had been ob- 
uerved in the sutured nerves. 




FIBER DIAMETER IN MICRA 

Figuu 5 Compan&on of fiber dibtnburion accurding to diametpr. 

Hibtogram on the left, after suture. 

Histogram on the nght, after crubh. 

Both tibial nerves were allowed to regwierate for 94 davb. 

The action potential records from the crushed nerves showed greater 
recovery of conduction velocity and magnitude of the spikes than was 
found in records from comparable regions of sutured nerves, taken 
after the same amount of time had been allowed for regeneration. The 
fibers also grew in diameter more rapidly in the crushed nerves. In 
FiGUBE 5, the hi.<itogram on the left is from the distal stump of the tibial 
nerve, 94 days after suturing, that on the right, from a tibial nerve, 94 
days after crushing. Shift of the graph to the right, in the crudied 
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nerve eumptired to tlie sutured, demonstrateb the more rapid recovery 
of fiber size in tlie crushed nerves. These experiments were not carried 
beyond 200 days, and the ultimate amount of recovery of the normal 
fiber distributions was not determined for crushed nerves. 

The Effects of Delayed Suture on Fiber Diameter Ghrowth 

The method of studying the “maturation’* of the fibers by action 
potential records and diameter measure ments ^\afe u^ed to (let ermine 
the infuence of delaying tlie suture alter tramection. An operative 
procedure similar to that of Holmtfc and Young wan de\ifeed, to allow 
the tibial nerve to degenerate after section and remain free ui fibers 
during a determined delay period. The adjacent peroneal nerve wat 
then tramected, and the ire««-lih cut i^entral ^tump ua& sutured to the 
(»ld distal remnant oi tl^e tibial. This <*roSfc-suture was used to limit 
the ^tudy to efi:c(‘t^ <u dtlay in the diistal *-egmfcnt. 

In the ^aui(‘ aiiiiaal, a reliable tontroi was provided in each experi- 
ment by fcu^uriiig tiie peinneal ncive ot the opposite leg to the tibial 
nerve. Thi^ wtx^ doia^ in L\a(*tly the ^ame manner as on the delayed 
Mde. but, in tiu^ case, there tva*- no delay between section and suture. 

Tlie pro(*e luie may be summarized a& follow&: The right tibial nerve 
was e.xpo-'cd, and a Iona '•egiiamt removed from the sciatic notch to the 
popliteal space. To ii>ure the ab&enee of regeneration during the de- 
lay period, the cut nerve w‘as exposed at 6-month intervals. Then, after 
a delay ot 14 to 476 days, a second operation was performed, in w’hicli 
the right peroneal wa> sectioned and the central end sutured in the old 
distal tibial. At thi-^ bame time, the Iclt peroneal \vas sectioned and 
sutured to the distal tibial a*? a control. 105 to 440 days were then 
allow’td for regeneration beiore the terminal experiment. 

The ‘shapes of the action potentials and the maximum conduction 
velocities in the di*-tal segment^, alter delay periods of 14, 21, 28, 56, 
84, and 180 days, were Mmilur to th<»^e recorded from the nerves of the 
uppo'^ite leg which had been Mitnred without delay. In each of these 
experiments, 105 days were allowed for regeneration after suture. The 
diameter distribution of the fibers wa^ the ^ame on both sides, as illus- 
trated in FioLTiE 6, A and B. The hinogram in figure 6 B w^as from 
the right tibial, 3 cm. distal To the suture, which w\as delayed 84 days, 
and after w'hieh the nerve regenerated fur 105 days before the fibers 
were measured. The control trom the same animal is shown in figure 
6 A. Both nerves w'ere analyzed 105 days after suture. The similarity 
of the two histograms was also found with 14, 21, 28, 56, and 180 days, 
and indicates, that such delay periods had no influence on the diameter 
growth of fibers, under these experimental conditions. 
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A 'suture delayed for a longer period of 253 days resulted in less re- 
ronstitution of the fiber diameters in the peripheral stump than that 
found in the control. The histogram in FicrEE 6 D was irom the dis- 
tal tibial, 3 cm. distal to the suture, which was delayed 253 days. 
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Figoe 6 The eftects of de^ai-ed suture on fiber diameier grcvtth in the di‘!Tal stumps, ot re- 
ceneiatng nenes Control sutures with no dela\ on the leit (A, C E>* delated sutures, on the 
right <B, D, F). 

A IS from the left tibia' nerve 105 djvs attei inimed>ate sutme; B is from the rght nerve of 
the fcjnie cat 105 davs after a ''Utun? \»hich a as delated 84 da\&; C and D, 440 dav** alter buture 
with 253 davb dela> in D, E and F 337 da\& alter butuie nith 476 da:^s de^av m F. 

Figure 6 C was from the same level of the opposite tibial, with no delay. 
Both nerves were allowed to regenerate for 440 clays after suture, and 
it must be pointed out that the longer regeneration period may be an 
important factor. The fibers in figure 6 D were smaller throughout, 
with a maximum diameter under 11 micra. On the control side, figure 
6 C, the fibers w-ere generally larger, with a few reaching 14 micra. 

The effects of delay were even more marked after 476 days, as shown 
in FiGiEE 6, E and F. The histogram in F, after 476 days delay, shows 
most of the fibers to he le«!S than 4 or 5 micra, while the histogram of 
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the control in E shows much larger fibers throughout i figuee 6 1 . Both 
nerves were allowed to regenerate 337 days after suture. 

The maximum delay which caused no change in fiber growth could 
not be determined accurately from these experiments, because the 
regeneration time was not kept constant. However, in those experi- 
ments with 253 and 440 days delay, approximately a year was allowed 
for regeneration. These experiments were more conclusive, and indi- 
cated that such delay periods re-striot the diameter growth of the re- 
generating fibers. Not only were the largest caliber fibers limited in 
growth, but the whole fiber distribution curve was altered. 

The Effects of Cross-Suturing Nerves of Different Fiber Caliber 

On the basis of cross-suture experiments. Simpson and Young* de- 
scribed a restrictive influence on fiber diameter growth by very small 
Schwann tubes. Using a similar approach. Hammond and Hinsey® 
cross-sutured the hypoglossal nerve ami the cervical sjunpathetic 
trunk. The choice of the&e nerve.® was fortunate, since they contain 
much different tube diameter distributions, and they are situated close 
together for easy manipulation for eros.«-suturing. 

Fiber diameter distributions of the normal hj^poglossal nerves, meas- 
ured from osmic preparations, showed large fibers, between 2.3 and 17 
micra in outside diameter, with a unimodal peak between 6.5 and 8.5 
micra. Calculation from 11 hypoglossal nerves showed the median 
fiber diameter to be 7.7 micra, with only of the fibers smaller than 
4.5 micra. Similar observation on the cervical sympathetic trunk at 
its rostral end showed relatively small fibers, between 1.2 and 8.4 
micra in diameter, with a unimodal peak at 2.5 to 3.5 micra. The 
median diameter calculated from 7 experiments was 3.3 micra, and 
only 7®t of the fibers were larger than 4.5 micra. 

In order to compare the effects of suture of a nerve with large fibers 
into a nerve with smaller fiber® and the effects of a control experiment 
in which the neiwe with large fibers was sutured into its own distal 
stump, it was necc®saiy to run simultaneous experiments, with the 
nerve.® excised and measured at the same intervals after suture. There- 
fore, in one set of e.xperiments, the hypoglos.®al nerves were sectioned 
and immediately joined to their own distal ®tumps. The fiber distribu- 
tion in the distal stumps of these hypoglossal-to-hypoglossal sutures 
was determined as illustrated in the top row of histograms in figcbe 7. 
The progress of diameter growth of the fibers is indicated by a shift 
of the cun’es from left to right, as the time of regeneration increased 
to 216. 250, 300, and 365 days. This increase is similar to that found 
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in the experiments on the tibial peroneal, and saphenous nerves, and 
about 80^r recover^" of normal fiber diameter was found at 365 days. 
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JhiGiBE 7 The top luu of hbei distnbution graphs is fmm distal stump<f, after simple suture oi 
The h^poglobsal nerve; bottom iotv, from the distal stump Mvhen the central end of the h\po- 
glos«al \^as sutured to the cervical sympathetic trunk 
The tune alloTved for regeneration m both the top and liottom rows is indicated in da\b 
(Modified from Hammosid ft Kinsey .<) 


With the diameter studies of the hypoglossal-to-hj'poglossal series 
as a basis for comparison, the suture of the hj^poglossal nerve to the 
cei^'ical sympathetic trunk produced remarkably different results. 
The lower row of histograms in figitie 7 shows the fiber distributions in 
the distal stumps (cervical sympathetic), at the same intervals of 
regeneration as those in the upper row of hypoglossal-to-hypoglossal 
experiments. At 216 days, the histogram of the distal segment shown 
in the lower row was not much different than that of the distal segment 
in the upper row. However, at 250, 300, and 365 days, the fibers did 
not continue to grow as in the simple hypoglossal-to-hypoglossal suture, 
but, instead, the diameters decreased. By 365 days, the distal segment 
of the hypoglossal-to-cervical sympathetic cross-suture took on the 
diameter characteristics of the normal cerrical sympathetic trunk, in- 
stead of the hypoglossal nerve. 

The converse experiments, those of cross-suturing the cervical sym- 
pathetic trunk into the hypoglossal nerve, were carried out to find out 
if the larger Schwann tubes of the distal segment would allow the re- 
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generating fibers to expand beyond the diameters of their parent fibers 
in the cervical sympathetic trunk. The results showed no expansion, 
and the distal fibers tended to recover the characteristics of the cermal 
sympathetic trunk. 


DISCUSSION 

The growth of fiber diameter is part of a process of reconstitution 
or maturation of the filbers and can be considered separately from the 
longitudinal growth of the fibers toward the periphery. Although this 
latter process of outgrowth has been the subject of numerous studies, 
the diameter growth was not investigated intensively until the re- 
search of Gutmann and Sanders^ on rabbit nerves. They described 
a gradual increase in fiber diameter for the first year of regeneration 
after suture, without recovery of either the maximum diameter or 
of the bimodal fiber distribution. Our experiments confirm these 
findings and, in addition, show that the increase in diameter con- 
tinues beyond one year to at least 644 days. Also, at extremely long 
times, up to 1363 days after suture, complete recovery of diameter is 
not attained, nor is the bimodal distribution of fibers. The fact that 
crushing allows much more rapid reconstitution of fiber diameter con- 
firms their findings (Gutmann and Sanders^) . 

The recovery of impulse conduction velocity and action potential 
characteristics is also an important part of this reconstruction or ma- 
turation process in regenerating nerve fibers. In fact, the proper 
coordination of nerve functions might be impossible if their conduction 
velocities are not regained, in spite of proper peripheral connections. 
These combined electrical and microscopic experiments showed that the 
conduction velocities and action potentials recover slowly, at the same 
rates, as the fiber diameters increase. The conduction velocities weie 
actually compared to the fiber diameters of the distal stump, and the 
same linear relationship between these two functions was found as ex- 
pected for normal nerves, as reported by Gasser and Grundfest.’ 
Therefore, the electrical characteristics of the regenerating outgro'svths 
in the distal stumps were found to be related solely to the reconstitu- 
tion of fiber diameter and did not otherwise depend on the type or 
size of the parent fiber in the central stump. Further data on the ac- 
tion potentials from regenerating nerves have been reported by Berry, 
Grundfest, and Hinsey.^ 

A long delay between sectioning the nerve and subsequent suture 
was shown to impede the usual reconstitution of fiber diameter and con- 
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duction velocity. Holmes and Young^ have described this phenomenon 
and have shown that the connective tissue tubes in the ^stal stump 
undergo shrinkage during the delay period. The experiments reported 
here show that delay causes even greater influence than they described. 
This difference in results is probably due to the fact that our experi- 
ments allowed the nerves to regenerate for much longer periods, during 
which the restrictive influences could be more strongly exerted. How- 
ever, the results show that brief delay periods have little effect, but that 
delays of 253 and 476 days produced considerable interference with 
fiber reconstitution. Unfortunately, the exact delay times between 
no effect and slight effect could not be determined from these experi- 
ments. The introduction of control cross-sutures, without delay in 
nerves of the opposite leg of the same animals, seems to rule out the 
factors operating at the suture line, or differences in peripheral re-in- 
nervation (unless atrophy of the muscle is considered) , which can in- 
fluence the fiber reconstitution. Presumably, therefore, only differ- 
ences in the condition of the coimective tissue and Schwann tubes of 
the distal stump are responsible for the results in these experiments. 

The influence of the connective tissue or Schwann tubes in the distal 
stump on the fiber growth has been recently emphasized by Sanders and 
Young,® who found that the motor branches of a sutured, mixed nerve 
contained fibers of larger caliber than the sensory branches. Also, 
Simpson and Young* cross-sutured somatic nerves into the splanchnic 
and anterior mesenteric nerves and suggested that the restriction in 
fiber diameter which resulted naight be due, in part, to the small size 
of the peripheral tubes. The results reported here by Hammond and 
Hinsey® showed this same restriction in cross-sutures of the hypoglossal 
and cervical sympathetic. However, in these experiments, the nerves 
were allowed to regenerate for longer periods than reported by Simpson 
and Young,* and an additional phenomenon was disclosed. At 216 
days after cross-suture of the hypoglossal to the cervical sympathetic, 
the recovery of fiber diameter was slightly less than that obtained in 
control, hypoglossal-to-hypoglossal, sutures. At 250, 300, and 365 
days, the fibers not only showed greater restriction of growth, but actu- 
ally the caliber of the fibers found distally became smaller than they 
were at 216 days. There is no conclusive explanation of this apparent 
reversal of diameter growth, but two facts might be mentioned. First, 
the final histogram (nouHE 7), at 365 days, resembled that of the orig- 
inal distal stump before operation, and, perhaps, the small tubes com- 
pressed or killed off the larger fibers. Secondly, it must be recognized 
that the hypoglossal fibers could not reach proper end organs by grow- 
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ing down the cervical sympathetic trunk. Simpson and Young* showed 
the importance of these peripheral coimections by cutting a regener- 
ating nerve peripheral to the original suture, which prevented the re- 
establishment of peripheral connections. Weiss and Taylor® also 
found evidence that fibers were smaller when re-innervation of the end 
organs was prevented. 


SUMMARY 

1. Excised, distal stumps of tibial, peroneal, and saphenous nerves of 
cats were studied oscillographically and microscopically, at intervals, 
up to 1363 days after transection and suture. 

2. The processes of maturation or reconstitution of fiber diameter 
and impulse conduction velocity continued over a long period of at 
least 544 days. The regenerating fibers never completely recovered. 

3. Crushed nerv'es recov^ered fiber diameter and conduction velocity 
more rapidly than sutured nerves. 

4. Delay between transection and suture of more than 6 months in- 
terfered with the reconstitution of the regenerating fibers. 

5. Cross-suturing a nerv'e containing large fibers into a distal stump 
containing small connective tissue or Schwann tubes resulted in re- 
striction of fiber diameter growth. 
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Pl-ATE 5 

Action potentials recorded from excised distal stumps of regenerating tibial 
nerves. 

A was recorded after 36 days of regeneration with a monopolar electrode placed 
cm. (Lstal to the suture, and the conduelion distance was 35 cm. The spike 
is approximately 25 microvolts, and the time signals under A are 1.7 millisec. per 
cycle. 

B was recorded from a normal tibial ner\''e with a conduction distance of 8 cm., 
and B is a control record for C. 

C is from the opposite regenerating tibial, 1363 days after suture with the same 
8 cm. conduction distance, and the same amplification as B. 

The time hne for B and C is 1 millisec. per cycle. 
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NERVE METABOLISM AND FUNCTION^ 

A CRITIQUE OF THE ROLE OF ACETYLCHOLINE 
By R. W. Geraed 

Department of Physiology, The University of Chicago, Chicago, Illinois. 

INTRODUCTION 

Clearly, the acetylcholine system is the theme around which these 
papers have been arranged. The various hypotheses as to its functional 
significance, and especially the one regarding it as an essential com- 
ponent in conduction in the nerve fiber, have proven most fertile in re- 
search suggestions — ^rv’itness the many studies here reported and the 
animated discussion of them. Yet, I must close with the judg- 
ment, on the basis of 'what has been said here, that this hypothesis has 
now exhausted its usefulness 

May I first offer, as evidence of my own long sympathy to the \iew I 
shall shortly be dissecting, a quotation or two from my early wiitings? 

“It remains to correlate this material [on heat and metabolism] with 
some actual mechanism of conduction. The current \’iew that activity 
of one portion of a nerve fiber is the stimulus to the adjacent portion 
and so along the entire fiber has much to support it, especially in the 
form developed by Lillie. Recent evidence indicates that conduction 
itself may be analyzed into two phases occurring repeatedly in succes- 
sion. The first is an explosive type of chemical change in a portion 
of the membrane surrounding the nerve fiber, and it leads, probably 
by local potentials, to ion movements witliin the fiber,* which constitute 
the second phase. Local concentration of ions against an adjacent por- 
tion of membrane initiates here the explosive change, and so on. Prob- 
ably the ion movements are associated with only a small fraction of tlie 
energy changes, and with the behavior of the membrane during and 
after conduction*' (p. 499^). 

“ ... In this way, it is obvious, a wave of electric and chemical climgc 
must spread along the ners*e fiber in both directions from the point first 
stimuhted. This is the nerve impulse, a prepagtted excitation. . . . 
Certain steps in this development are hypothetical, and it must be 
recognized that the picture has been simplified to a merest skeleton. 

*Th)8 paper is e*^8ezitially as Dresented on Februaxy 9, 1946. Later developments of any kind 
have not beki mtroduced mto the discussion. 
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The action potential, for example, may not represent a passive de- 
polarization but a potential actively produced by the chemical reac- 
tions. But whatever the details, it is highly probable that the nerve 
impulse consists basically of a local membrane change of a chemical 
and physical nature, which leads to a flow of ions, or current, which 
in turn starts the local membrane change at adjacent points” (p. 64®) . 

“ . . . Either the same kind of ion migration and chemical response 
which represents successive activation of one region of the nerve fibre 
by another must also take place at the synapse, or it is conceivable 
that the end of the axone acts as a miniature gland and, when stim- 
ulated, produces some chemical which is able to excite an adjacent or 
neighboring dendrite” (p. 74®) . 

“In the nervous system itself, a similai’ mechanism has been consid- 
ered by several workers. The end of an axone is at least an unspecial- 
ized end organ, often a complicated one (as, for example, in the olfac- 
tory glomeruli) and might activate the dendrite or cell body on which 
it impinges via chemical as well as electrical changes. The transmis- 
sion from cell to cell by means of action potentials has long been the 
orthodox view, and emphasis on the chemical possibilities has had a 
novel flavor. In fact, however, the conduction along a nerve fibre 
involves excitation of a resting region by an active one, and both elec- 
trical and chemical components are present in the mechanism of propa- 
gation. At the ending, which is specialized, at least anatomically, 
rather or both components might well be exaggerated to facilitate trans- 
mission over a critical region. Long-enduring action or depolarization 
potentials or special chemical accumulation might equally well be 
utilized in vanous situations and (except for familiarity with the one 
idea) one seems as likely as the other” (p. 546®) . 

GENERAL BACKGROUND 
The Role of Metabolism 

Nerve fibers, like whole neurones or any other cells, depend on a 
maintained metabolism to sunive and to function. This was strongly 
indicated when it was found,* near the start of this century, that nerve 
conduction failed in the absence of oxygen; and was proved when 
nerve respiration and heat production, at rest and on activity, were 
successfully measured by several workers in the mid-twenties.®’ ® The 
next question is: For what result is metabolism essential? Or, What 
agencies link the chemical reactions with the physiological conse- 
quences? In general, the answer is clear enough: Metabolism liberates 
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energy to do necessary work, such as to maintain polarization across 
a leaky membrane, or it removes unwanted substances, or produces re- 
quired ones. Further, the change in concentration of a substance may 
or may not be a needed step in the event of functioning, an indis- 
pensable gear in the cell machine. 

In a particular case, it is often a teasing problem to determine just 
what role a metabolic event plays in a tissue ^s function. The formation 
of lactate in muscle contraction is a perfect illustration. When this 
relation was first established, early this century, lactic acid was at once 
assigned the key role of initiating shortening. It was an essential gear 
and, perhaps by changing surface tension due to acidity, engaged the 
shortening mechanism. Its removal or neutralization permitted re- 
laxation. Later, attention to energy balance emphasized that glycolysis 
could supply the energy required in anaerobic contraction and that this 
reaction was largely rewound with oxidative metabolism in oxygen. 
It was an easy assumption, then, even under aerobic conditions when 
no lactate change was found, that there was a rapid formation and 
destruction of this substance. Indeed, lactic acid was considered the 
essential link between metabolism, of which it was a necessary inter- 
mediate, and contraction, of which it was a necessary cause, and it 
was supposedly involved in both energetics and mechanics. 

lodoacetio acid, alactic contractions, phosphocreatin and adenosine 
triphosphate changes, and, finally, the use of lipid fuels (not to mention 
myosin) , changed all that.® Muscle did not require lactic or any other 
acid to shorten it; lactate is not part of the machinery. The CrP and 
ATP breakdown supplied the early energy needed for contraction, heat, 
and work; lactate formation is not an immediate energy source. Mod- 
erate exercise with good oxygenation involved no lactate change and 
little carbohydrate loss; lactate is in no way necessary to contraction. 
It is just one of the many initial or intermediate fuels available to the 
engine under normal working conditions, and its accumulation anaero- 
bically is, in a sense, a sign of failure to complete the initiated 
oxidations. 

In a particular case, further, it is well to note that historical acci- 
dents greatly influence the trend of our scientific thought and research. 
Acetylcholine first came to attention as a pharmacologic agent; ATP, 
as an intracellular substance involved in important metabolic sequences. 
The great experimental sweeps were, accordingly, oriented differently 
in the two cases. Yet ATP also has profound pharmacological ac- 
tions,‘» ® and ACh may well prove to be an important component in 
cell metabolic systems m general. This point will require attention 
later. 
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Neural Metabolism 

Finally, I shall recall the gross metabolic picture of neural 
tissue.^“"^* For nerve, in contrast to muscle, the heat and respira- 
tion balance of rest and action were first established. Lactic acid, 
next studied, seemed to be excluded from any role except as an 
anaerobic end-product, but it was later shown to serv’e as an effective 
substitute fuel when sugar oxidation was interfered with by iodoacetic 
acid; and anaerobic glycolysis was similarly established as a source of 
useful energy. Yet oxidations, by oxygen or an oxidizing reserve, re- 
main of especial importance in nerve, for the long and large delayed 
heat production cannot be dissociated from the initial heat by anoxia 
or by any other maneuver tried. What fuel or fuels are oxidized, is 
largely unknown. At rest, nerve may destroy more carbohydrate than 
could be fully oxidized, while the R. Q. hovers at 0.8; and CHO utiliza- 
tion can taper off to zero while Oi consumption is maintained unaltered. 
Even brain, with a resting R. Q. of 1.0 and a CHO fuel, can shift to 
another substrate which fully supports respiration. During activity, 
the much increased oxidative metabolism of nerve is not supported by 
CHO. The R. Q. of the extra respiration does rise to nearly 1.0 in 
tetanized nerves, but CHO loss is not increased. Some rise in acid- 
soluble phosphorus and in ammonia-liberation occurs, suggesting the 
degradation of phospholipins or phosphoproteins ; but the problem is 
still wide open. The lipo-protein changes in rods on illumination 
(mentioned by Wald) and the Swedish work^® on nucleoprotein de- 
crease in fatigued nerve (to which Schmitt called attention), are ob- 
servations challenging a resolution of this enduring uncertainty. 

THE NERVE MACHINE 

The resting metabolism of nerve is essential to keeping the tissue 
functionable. The normal resting potential, for example, falls when 
respiration is prevented^* and even more rapidly when glycolysis is 
also blocked.'^ When an action is evoked, the cell machinery whirs, 
physical and chemical changes occur, an impulse is propagated, and, 
finally, a cycle is completed and the machine fully reset. The events 
associated with activity are known in moderate detail, and it will be 
helpful to outline this sequence. Since so much attention has been 
given by investigators to the early and the electrical phenomena of 
response, may I emphasize that all the phenomena are closely coupled 
together. A single impulse, gone by in a millisecond, is yet irrevocably 
followed by a rise in heat liberation and in oxygen consumption which 
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endure for minutes. Conduction fails when respiration^* or gly- 
colysis^® is disturbed, although, whether this is a result of interference 
directly with active metabolism, or is secondary to interference with 
resting metabolism, is not clear.^® A mechanism, partly in terms of 
phosphate intermediates, for insuring the one-to-one relation between 
early and late events, was suggested some time ago-° and is still useful. 
But, before pursuing this aspect, what of conduction itself? 

Depolarization 

Electric currents, applied to nerve or muscle, excite at the cathode, 
where ion movements are such as to depolarize the polarized mem- 
brane. The most direct evidence for the preexisting membrane poten- 
tial and for its diminution by trans-membrane currents is that from 
impaled single nerve"^* and muscle fibers.-** Membrane potentials 
up to 80 mV. have been obtained from resting units; and excitation 
is easily achieved with a cathode outside and anode inside the fiber, 
but even 100-fold greater currents in the reverse direction are ineffec- 
tive. Further, recalling the uniquely high sensitivity of these tissues 
to electric currents and the generation of electric changes when non- 
electric stimuli are applied, it seems probable that membrane depolar- 
ization by ion movements is the initial step in all forms of natural 
excitation of nerve and muscle. Whether excitation results most di- 
rectly from a potential, impedance, or other, change, and to what crit- 
ical level, is a separate and secondary problem. 

Active Membrane Participation 

There is much evidence that the nerve membrane does not passively 
follow the imposed depolarization, at least when applied currents are 
more than a few per cent of threshold, but responds with active changes. 
These changes are almost certainly chemical as well as physical. The 
decreased impedance is suggestive, but perhaps not convincing, on this 
point. The existence of prepotentials (with depolarizing shocks, but 
not with equal ones in the reverse direction) in invertebrate®^* and 
vertebrate nerv^e®® has been several times referred to in this publication. 
The fact that these often oscillate, and that the oscillations can incre- 
ment without additional external change,®^ has been emphasized here 
by the report of Bronk and Brink, and by Cole’s discussion. The oscil- 
lation period, 4 to 5 msec., observed in Ca-depleted nerves (Bronk) , 
fits satisfactorily with the physical constants of the membrane, men- 
tioned by Curtis, which should lead to resonance at about 260 cycles 
per sec. But such physical factors control only the period of oscilla- 
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tion, and cannot supply the energy to maintain, even less to increase, 
it. Energy, presumably liberated from metabolic events, must supply 
the drive, while physical conditions only modulate its flow. The analogy 
used in connection with the similar problem of electric oscillations in 
the isolated frog brain^* may be used again. Air pressure, from the 
motor, drives most windshield wipers, and their beat does rise and 
fall with this; but the beat is much more under the control of a valve, 
which determines when each stroke is tripped off. 

Another set of facts bespeaks, even more strongly, the intervention 
of a chemical step this early in the excitation process. In toi*toise 
auricle,*® crab nerve,*® and even frog nerve*® (see also Gerard,®® and 
following discussion), an opposed electric shock, delivered between a 
supra-threshold shock and the start of the resulting propagated re- 
sponse, can nullify the response. While it may be possible for the 
purely physical changes, produced by a pulse in an appropriate network, 
to surge on to a peak after the pulse has passed (as Curtis suggested 
in connection with the reversed action potential) , such a physical in- 
terpretation is under the burden of offering positive evidence in the 
case of the cooled auricle, where a reverse shock given 20 msec, after 
an effective one is still able to abort the response. 

The Discontinuous Response 

When the local membrane changes have progressed sufficiently, a full- 
fledged action appears and propagates. This response, as several 
speakers have emphasized, is not a continuation of the earlier processes, 
but a new and explosive group of events. Here, even more surely than 
in the preceding phase, chemical as well as physical changes are in- 
volved. The resting membrane potential sliifts abruptly, not merely 
toward or to neutrality, but to an inverted magnitude which can much 
exceed the original level.*^» *** *® Perhaps, as Curtis suggests, this is 
only a physical overshoot, rather than a newly-developed, oppositely- 
oriented, and chemically-active membrane battery; but the burden of 
proof seems to be clearly on the adherents to such a physical view. 
Cole's comment, that the reversed action potential can vary in mag- 
nitude independently of the resting potential, certainly favors more 
the positive conclusion. Hober's suggestion, that a fatty acid is re- 
leased by activated lecithinase and, reaching the inside of the mem- 
brane, reverses its potential, just as caproic acid does when placed 
on th6 outside, is an example of the chemical, active-membrane-change 
viewpoint. (This particular example is not fully satisfying, however; 
for, if the non-polar chains enter the membrane lipids and the polar 
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carboxyl groups form a negatively charged layer in the aqueous phase, 
this could shift the outer membrane surface charge from positive to 
negative, but could hardly shift the inner surface charge from nega- 
tive to positive.) 

The well-known high temperature coefficients of excitation also speak, 
though admittedly in an uncertain voice, for chemical components in 
the process. If elongated molecules in a loose palisade in the mem- 
brane are merely bent about, during stimulation, then they must make 
quite a sudden fall when a threshold is reached, and must also start a 
vigorous series of changes. For, whether the main chemical reactions 
of metabolism accelerate during, or only after, the explosive membrane 
response, they are locked to it in an essentially invariable sequence. 
And, finally, the important and complex impedance, and potential, 
variations which accompany or follow the spike surely indicate proc- 
esses beyond simple ion movements or dielectric strains. The action 
potential spike represents more than a passive depolarization of a pre- 
viously charged membrane. It is an active physico-chemical process, 
still unknown in its details. 


Local Currents 

Whatever the events in an activated membrane region, there remains 
no doubt as to the mechanism of propagation along a nerve or muscle 
fiber. Voltage differences between active and not-yet-active areas 
must lead to current flow between them and to catelectronic depolariza- 
tion of the latter. That such currents are a sufficient mechanism for 
propagation is certain from the experiments in which the nerve im- 
pulse is made to jump a block one or two millimeters long.®^* Even 
normally, propagation is probably by similar saltations from node to 
node, in medullated fibers.®^* 

Immediate Recovery 

During the absolute refractory period, often under a millisecond, the 
membrane must at least recover toward its normal potential, impedance, 
and other properties, so that it is again activable. While the anodal 
action of the eddy currents sweeping on ahead may contribute to this 
restoration, this is obviously insufficient. Energy has been dissipated 
and must be made good from sources beyond the currents which help 
dissipate it. There can be no reasonable doubt that the complex of 
initial and immediately-subsequent recovery, with the reversing thresh- 
olds and potentials already well known, is dependent on one or more 
of the energy-yielding metabolic reactions; perhaps on ATP breakdown. 
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Full Restoration 

For completeness, although it is far removed from the direct problem 
of propagation, I mention, finally, the delayed recovery processes. We 
often forget that the increased respiration of activity persists a half- 
hour or more after a brief tetanus of nerve,®® that the delayed heat 
production is similarly prolonged,®® and that considerable after-poten- 
tials may endure for comparable periods.^® And, as late recovery lags 
progressively further behind in a continuously-driven nerve, its re- 
sponse capacity falls to a lower equilibrium level. Irritability, velocity, 
chemical, thermal, and electrical response per impulse, etc., fall during 
a maintained tetanization.^^ 

Now, with this cutline of nerve action before us, I should like to con- 
sider the questions around \vhich so much of this symposium has re- 
volved: (1) How does excitation engage metabolism; (2) vhat is the 
role of the acetylcholine system; and (3) in what respects does junc- 
tional transmission differ from that in a fiber? 

THE LINICAGE OF ACTION TO METABOLISM 

Given the externally-applied stimulus energy, given even the propa- 
gated membrane response, the insistent question remains as to how one 
event induces the next and, especially, how chemical changes are made 
to follow the physical ones. This was asked by Grundfest, discussed 
by Green, and exemplified by Ochoa’s contribution. It was considered 
for nerve, in some detail, a decade ago,®® and is today being clarified in 
the case of muscle.^® In muscle, the extra step of mechanical response 
offers both an additional problem, of how the membrane response leads 
to the myosin response, and an additional line of attack on the general 
case. Since metabolic details are far more numerous for muscle than 
for nerve, I shall choose illustrations freely also from the former 
material, in confidence that the principles they illustrate are equally 
valid for both tissues. 


Ion Action 

In the homogeneous liquid phase of a heterogeneous system like tis- 
sue, electric currents, applied as external stimuli or generated in the 
course of the active response, mean ion movements and only ion move- 
ments, Where these ion streams encounter interfaces — ^membranes, 
micelles, moleculai* palisades, etc. — ^ions can accumulate or decrease. 
A local change in ion concentration at molecular or structural surfaces 
of a cell must be the initial consequence of an electric stimulus and ap- 
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pears to be the only possible first link to a metabolic chain of events. 
(Electron shifts within single molecules or lattices, if such occur, would 
themselves follow the shift of charged ions, unless large electromagnetic 
fields were applied — fields that seem beyond a range of possible bio- 
logical significance.) However, changed ion concentration is easily 
suflScient to initiate other local chemical changes. 

Altered metabolism means changes in the rates of chemical reactions. 
Not only are quantitative increases or decreases of total metabolism the 
sum of similar variations in the rates of the component reactions; but 
also qualitative changes are the resultant of increase in rates of certain 
reactions and decreases in others. The rate of a given reaction is 
determined by the concentration of active reactants and products and 
by the catalytic conditions (temperature, water, ions, etc.), especially 
by the enzyme activity. Reactant concentrations can change only 
as a result of an antecedent change in another chemical system which 
produces them — ^which gets us no further in our problem — or of a 
spatial redistribution. If reactants are themselves ions, and so moved 
by the stimulating currents, this could be a direct result of stimulation. 
In most cases, however, as emphasized by Hober, such a redistribution 
would also demand prior changes in the system to increase the physical 
availability, changes in membrane barriers, surface adsorption, and the 
like. These might also be a direct effect of the stimulus, as the rota- 
tion of a polar molecule, but are more likely to be secondary to more 
extensive chemical changes. 

In contrast to the relatively unpromising situation for substrate al- 
teration, a modification of enzyme activity, and so of metabolism, by 
ion changes is both theoretically probable and experimentally estab- 
lished. Besides a direct ion effect on the actmty of given enzyme 
molecules, there exist the other possibilities of activating pro-enzymes 
(Ca on prothrombin), removing inhibitors (phosphate or citrate bind- 
ing calcium) , and adding accelerators (Cu on thiol oxidation^®) . Such 
ion effects are richly present in biological systems, as well as in the 
non-living systems mentioned by Dr. Alexander, and it may be useful 
to itemize some that are important in muscle and nerve tissues.^®* 

Magnesium ion either is essential to, or materially hastens, a number 
of key reactions in carbohydrate degradation, while local increase in its 
concentration would suflSce to initiate or accelerate them. The phos- 
phorylation of glucose to hexose-6-phosphate by hexokinase, a reaction 
of especial importance in neural tissue which “prefers” glucose to glyco- 
gen as a fuel, requires Mg++; as does, also, the shift of phosphate from 
the 1 to 6 position by glucophosphomutase.^^ The further phosphory- 
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latioB of this substance, an intermediate in the glycogen as well as 
glucose reaction chain, to fructose 1,6-diphosphate, also requires Mg^. 
The later change in phosphoglyceric acid to the energy-rich phos- 
phoenol-pyruvic acid involves a magnesium combination with enolase, 
and fluoride inhibition of this reaction depends on displacement of 
Mg^ by a fluoride complex.*’ Magnesium or manganese, as well as 
calcium (K inhibits), is an essential component of the system which 
forms ATP and pyruvic acid from tiie phosphopyruvic acid and a lower 
adenosin phosphate.*® This ion is again reported necessary for the 
splitting of ATP to ADP by myosin,*’’ although most workers*®’ **’ ®® 
And Mg** inhibitory here. Mg** also inhibits the shift from 3-phos- 
phoglyceric acid to 2-phosphoglyceric acid by phosphotriose mutase.“ 

Calcium ion, as mentioned, is required for the formation of ATP 
from phosphopyru'V’ic acid. It is also involved in splitting a phosphate 
from ATP by myosin or other ATP-ases*’’ ®® and, perhaps, in the 
accompanying shortening of the myosin fibers. The splitting of acetyl- 
phosphate to acetate and phosphate is accelerated by Ca**.®* And, 
again, to mention an inhibitory action, Ca** interferes with the forma- 
tion of acetylcholine from choline.*® 

The formation of ATP is thus influenced by all three of the major 
cellular cations (Mg, Ca, K) ; its destruction, by at least two (Mg, Ca) . 
ATP, in turn, is critical in bot^ fat and carbohydrate oxidation and 
may be one of the regulators of metabolism. Thus, a lowered ATP 
concentration might favor utilization of carbohydrate over fat®* and 
glycolysis over respiration.®’ The abrupt shift of muscle metabolism, 
on vigorous contraction, in just these directions, may, then, be due 
to the fall in ATP concentration and this, in turn, to the movement of 
ions to or from the critical enz 3 nue surfaces. 

Another example of ion importance, especially of K*, is offered by 
recent myosin studies. In an appropriate system, myosin B contracts 
in 0.1 M KCl and relaxes when the K* is doubled in concentration®®; 
and an antagonism between K* and Ca**, or Mg** and Ca**, on myosin 
action as ATP-ase and on myosin extension, has been repeatedly noted. 
Potassiiun also increases the content of creatin phosphate in muscle 
(while Ca** decreases it) ,®*’ as well as of stable phosphate esters 
in nerve,®’ perhaps by its ability to enhance CrP formation when 
pyruvic acid is oxidized.®® This ion also aids both the s 3 mthesis and 
the liberation of ACh and, conversely, ACh (or ATP) can release 

J^+ 83, 55, 64 

It is not difficult to trace connections between these catalytic actions 
of the tissue cations and the physiologic effects which ion changes pro- 
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duce; but, at preseat, relating specific actions to specific effects would 
be mainly guesswork. It will suffice to recall that K+ increase leads 
to such effects as: a rise, passing into a severe fall, for the irritability, 
membrane potential, and electrotonic spread in nerve fibers, and, per- 
haps, for their oxygen consumption, as Brink mentioned; and a fall, 
from the start, for the spike (only slight) , after-potential, conduction 
velocity, and recovery rate. Similar changes have been observed 
less fully in muscle and in the central nervous system: moderately in- 
creased K+, for example, increases the fast electrical activity 
of cat or frog brain and prolongs the after-discharge on stimulation of 
deep cerebellar nuclei (see also . There are, thus, ample roads from 
current flow, through altered ion concentration and chemical reaction 
rates, to physiological responses. The problem is not to find connec- 
tions, but rather to identify the few important actualities among the 
many conceivable possibilities This brings us back to acetylcholine. 

THE ROLE OF THE ACETYLCHOLINE SYSTEM 

That ACh is formed and destroyed as an integral part of impulse 
propagation in nerve fibers, has been suggested by several workers®^* 
and strongly supported by Nachmansohn.®** He has summarized his 
arguments here: ACh is present in nerve and is released on stimulation 
(though its leading the cell is accidental) ; cholinesterase (ChE) in 
nerve is highly active and specific, and choline acetylase (ChA) is 
also rich in nerve ; a close parallelism exists, in the electric organ, be- 
tween potential and ChE activity; energy relations, in electric organ 
and nerve, are satisfactory for ACh synthesis via CrP, etc.; various 
drug actions, though always in danger of misinterpretation, especially 
where penetration through a membrane is involved, do support the im- 
portance of ACh in conduction. Just what the role of ACh is, seems 
less defined. Earlier, Nachmansohn supposed that the stimulus liber- 
ated ACh directly and that this caused the membrane depolarization. 
Now, recognizing that the stimulus itself must lead to depolarization, 
he suggests that ACh is responsible for the loss of resistance in the 
membrane — certainly, a step for which a chemical mechanism would 
be welcome. Beutner and Barnes have also emphasized a function 
for ACh, both in producing the action potential and in lowering mem- 
brane resistance. 


Quantitative Relations 

The calculations (Naclimansohn) , that the ChE at a motor end- 
plate is powerful enough to split a complete layer of ACh in a milli- 



586 ANNALS NEW YORK ACADEMY OF SCIENCES 

second (perhaps even in a few microseconds, which Cole has mentioned 
as a more appropriate time for the impedance changes in nerve) , and 
that the enzyme activity in the C.N.S. would split a layer covering 
10® sq. mu. per gm, are impressive. There is no question of strong 
esterase activity. However, it is worth noting, for the C.N.S., that 
even the surface of the nuclei in a gram of brain, let alone the whole 
neuronal surface, is some 4 X 10^° sq. mu."^® The difficulties appear 
when one examines the rest of the system, to see how well it can keep 
up with the esterase. Let us assume, with Nachmansohn, that some 
2000 cal/lM are required to esterify choline to ACh, and calculate, from 
his data on enzjrme content, Feldberg’s summaiy’'^ of ACh content and 
liberation, and the figures of myself and others on heat and metab- 
olism, the over-all balance for nerve and brain. 

Nachmansohn estimates that, in mammalian brain, ChE can split up 
to 10^® molecules of ACh per millisecond per gi*am fiesh tissue. This 
amounts to 6 millimoles per hour per gram. In terms of Qci c values, 
reduced to these same imits (mM, hr, gm.), less ACh could be split: 
between 0 3 inlM for cortex, and 3.0 for caudate nucleus or sympathetic 
ganglia. For mammalian nerve, the rate calculates to 006; for frog 
nerve (20°), to 0.05; and for white matter, to 0.02. In contrast, the 
maximum rate of ACh synthesis (in tissue brei in N 2 , with ATP and 
all necessary accessories) is 0,001 mM for mammalian brain and 0.0005 
for nerve, still in these same units. In both mammalian brain and 
nerve, therefore, ChE activity is over 1000 times, perhaps over 5000 
times, as great as ChA activity, and similar relations will probably be 
found for the frog. Neural enzymes can split ACh by three or four 
magnitudes faster than they can build it. 

This calculation is made, of course, for maximum rates and over long 
time intervals, and requires further consideration. If, for example, the 
synthesis normally continues evenly in time, but the hydrolysis occurs 
only in brief bursts associated with activity, the discrepancy in rates 
might be unimportant. But this will not hold. First, whether ACh be 
associated with the potential or impedance changes of a nerve action, 
the rise is far more rapid than the fall, and the need for an explosive 
release of the agent is even more imperative than for an explosive de- 
struction. If, therefore, ACh is synthesized and destroyed in the 
course of each nerve action, ChA should actually be several-fold more 
active than ChE, instead of a thousand-fold less active. Let us make 
the more favorable assumption, however, that ACh need not actually 
be synthesized for each impulse, but only be released from a store. 
Then, though used in bursts, its formation could be continuous. Even 
so, there remain fatal discrepancies. 
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The total ACh present in whole brain is, keeping to millimoles per 
gram fresh tissue, about 2 X Kh* for mammals and twice as much for 
the frog. White matter contains ten-fold less, but the value for mam- 
malian mixed nerv'e is close to 3 X 10~“. Dorsal roots contain, at most, 
one-twentieth of this amount; frog nerve,®^ even less, 1(H. All the 
ACh in mammalian brain could, therefore, be destroyed by ChE in 
about 50 milliseconds, and would require a minute to be sjmthesized 
by ChA. For mammalian nerve, the stored ACh could last less than 
two seconds and would require over three minutes to replace; for frog 
nerve, the ACh could last about 65 milliseconds, and for mammalian 
white matter (not to mention dorsal root), a third of a second. Yet 
nerve, including roots and central tracts, can maintain activity for 
hours, conducting hundreds of impulses per second; and activity of the 
central grey can also long outlast the possible time limits. Clearly, 
then, neither ACh storage nor synthesis, nor both combined, could 
possibly (unless an entirely different order of ChA exists in livo than 
has been found in extracts) supply this substrate as fast as ChE can 
split it. 

Of course, an enzyme is not always kept saturated with substrate. 
However, this at once undermines the many arguments that have been 
made, from high ChE concentration, for the possibility of rapid rise and 
fall of ACh concentration; it also throws into question the significance 
of high local ChE concentrations. The striking finding, for example, 
that ChE is 15, (KK) times or more as concentrated in the end-plate re- 
gion as in the adjoining nerve or muscle, adds confusion rather than 
insight. The end-plate potential falls much less rapidly than that of 
nerve or muscle, and there is no evidence of a great store or synthesis 
of ACh there. How, then, can the tremendous ChE activity be recon- 
ciled with any current theories relating ACh to neural functioning? 
When a 2000 horse-power engine is found in a half-ton truck, one must 
suspect it is there for some other reason than to supply ordinary motive 
power. 

Let us agree, however, that ChE is not kept fully saturated, and con- 
tinue with these calculations. The cat cervical sympathetic ganglion 
releases ACh to perfusing fiuid, on preganglionic stimulation. Again 
in millimoles per gram, the ACh content of the ganglion, before or 
after several hours’ tetanus, is about 10"*, although five times this 
amount has been released during the activity period. The rate of re- 
lease falls with continued activity, but holds up better when some blood 
is present. A maximum of 10^ is liberated in five minutes’ tetanus at 
17 per second or, per impulse, about 2 X 1(H (cf. ^*) . The ACh es- 
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caping from the ganglion, per impulse, is thus only about one-fiftieth of 
the amount that the ChE present could split in one millisecond. If ChA 
activity is taken to be one-thousandth that of ChE, the ACh synthesized 
in 60 ms. (the inten’al between impulses) could equal that released or 
exceed it two- or three-fold. This, incidentally, leaves no place for the 
often-assumed existence of a much greater ACh turnover within active 
units than is reflected in the amount escaping from them. 

Isolated frog ner\’e, according to von Muralt,” actually increases its 
ACh content on tetanization, from 10^ at rest to 1.5 X 10'* while ac- 
tive, and the ACh increase per impulse calculates to 6 X 10^ from von 
Muralt’s figures, to 10“^^ from Lissak’s.*® (In the latter experiments, 
only the ACh diffusing from the cut ends of a stimulated nerve was 
measured.) For cat gastrocnemius, assuming a wei^t of 20 grams, 
the ACh released by a single maximal twitch evoked by the nerve is 
6 X 10"*® ToM/gEO-J* Nerve can, of course, conduct several hundred 
impulses per second for long periods, but we might conservatively cal- 
culate with 50 per second, or 20 milliseconds total time available per 
impulse. Frog nerve ChE could split in this period 3 X 10"' mM/gm. 
of ACh: five times the amount von Muralt finds liberated and 30,000 
times Lissak’s figure. If, again, ChA is only one-thousandth as active, 
it could easily supply ACh at the rate demanded by Lissak but would 
fall short of von Muralt’s figure by 100-fold. On the basis of such 
an analysis, a nerve should be able to conduct an impulse only once 
in two seconds. Von Muralt’s value, incidentally, is far more in ac- 
cord with that for the ganglion, both in absolute amount and in rela- 
tion to ChE activity, and it is also more probably correct on method- 
ological grounds. But it cannot be right if the assumed ChA activity 
is remotely correct. 

Perhaps, then, all these discrepancies result from falsely low ChA 
values. This enzyme system mi^t easily have been seriously injured 
during tissue extraction and, thus, be far more active in vivo. Let us 
make this assumption, and allow a ChA activity sufiBcient to equal ChE 
acthity or, gi\’ing ACh the most favorable conditions, an activity 
sufiBcient only to cover the ACh actually released on stimulation. Note, 
however, that even this excludes any greater ACh formation and sub- 
sequent destruction, within the cell or outside it, beyond the measured 
formation. If this greater turnover is allowed, by assuming ChA 
activity to equal ChE, the following relationships reveal still more in- 
tolerable discrepancies. 

The formation of one millimole of ACh requires, we have agreed, 
some 2 calories. The S 3 Tnpathetic ganglion, releasing ACh on stimula- 
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tion at the rate of lO-** mM/gm./hr., would liberate 2 X 10'" cal./gm./hr. 
For frog nerve, at 60 impulses per second land at this frequency the 
energy per impulse is fully 80% of that at zero frequency) , von Muralt's 
value gives 10"^ mM ACh or 0.02 cal. (If ChE were w^orking at full 
capacity, the heat liberated just from ACh splitting would be 6 cal. 
for the ganglion, 0.1 cal. for frog nerv^e!) But the measured total heat 
production of frog nerve is, in these units, 0.1 cal. at rest and 0.18 at 
maximal activity; for mammalian cortex (using the highest values of 
Qoa reported'®) , the resting energy release is 25 cal. and that of maxi- 
mum activity perhaps 50 cal. These brain values are probably much too 
high for the ganglion (probably three-fold"®*^) , but this gives every ad- 
vantage to ACh. The actual ACh released in nerve during activity 
would thus, duj'ing its normal hydrolysis by ChE, account for over 10% 
of the total heat of nerve activity. Yet, only 3% of this heat is initial 
heat, immediately related to the events of conduction. IMoreover, 
other exothermic reactions are surely involved, even with ACh itself— 
in its formation, liberation, neutralization, etc. — before that of its 
destruction. (And again, if ChE were fully active, the ACh hydrolysis 
heat alone would account for more than the full extra heat production 
of active nerve I) 

An examination, further, of actual chemical reactions involved in the 
synthesis of ACh raises added difficulties. The initial energy source 
for ACh synthesis is considered to be CrP. During maximal frog 
ner^'e acthity, less than 13 mgm. % of CrP is split in an hour; enough 
to account, at best, for 0.007 cal.^°, far below the needs for ACh. But, 
of course, CrP is resynthesized by energy from other metabolic reac- 
tions, so this does not mean too much. The total fuel turnover-, how- 
ever, does set an inescapable limit. For bullfrog nerve, 6 mgm. % of 
carbohydrate disappears per gram per hour at rest or activity;"^® for 
the small frog nerve, this might be 10 mgm. %, or 6 X 10^ mM/gm./hr, 
On complete oxidation, this could yield a maximum of 0.02 mM of CrP, 
if all the energy available to form high-energy phosphate bands (3 per 
atom of oxj’gen) w^ere so directed. Thus, the total nerve metabolism 
could just comfortably synthesize ACh at the rate it is reported actually 
to form during actmty (.01 mM ACh from .02 CrP), and could not 
begin to supply energy to synthesize it at the rate ChE can destroy it. 
(Actually, the picture is worse than here presented, because the maxi- 
mum heat of activity is 0.18 cal./gm./hr. for frog nerve, whereas the 
assumed carbohydrate oxidation would yield 0.4.) 

It may also deserve thought that, while the esterase is located in the 
membrane of the giant nerve fiber, the oxidizing enzyme systems are 
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distributed through its volume. It seems impossible that any con- 
siderable fraction of the oxidative energy released in the core of such 
a fiber could be utilized to drive reactions in its surface, up to 400 
micra distant; and it seems unlikely even in the usual medullated fibers, 
up to 20 micra in diameter. Along the same lines, I know of no evi- 
dence for the intensive respiration at neuro-myal junctions which 
would be demanded to keep up with the terrific ChE activity. 
There is definite evidence against an intense respiration at S 3 na- 
aptic re^ons in the central nervous system, despite their greater 
relative surfaces for fiber propagation and junctional transmission.™ 
(A hi^ ChE and DPN concentration in the synaptic layers of the 
retina, however, has recently been reported.’^) 

A final calculation, dealing with materials rather than energetics, is 
only suggestive. Most workers have tacitly or explicitly assumed that 
the acetate formed by hydrolysis of ACh was not re-utilized for ACh 
synthesis. Indeed, ACh has been found by Lipton™ to form only from 
P 3 nmvate in oxygen or an acetate source (acetoacetic or citric acids) 
in nitrogen, imder present in vitro conditions. This would exclude 
full re-utilization of acetate, even in nitrogen, unless the reaction, 2 
acetate acetoacetate, is fully reversible. Lipmann has just indicated 
that synthesis from acetate may be possible when additional com- 
ponents, of coenzyme character, are added, and this would make easier 
a cyclic use of acetate. . Without cyclic use, a molecule of glucose would 
have to be lost for every two of ACh formed and hydrolyzed — or twenty- 
fold the actual rate in nerve, 0.01 mM ACh; 0.0006 glucose. The 
accompanying heat production would have to be similarly outrageous, 
in comparison with the factual rate. 

Such quantitative considerations are admittedly rough, with little 
attention to detailed conditions (temperature, species, rate of stimula- 
tion, etc.), but the order of magnitude cannot be far off. They demon- 
strate conclusively, I believe, that ChE cannot possibly exert its full 
activity on ACh in neural tissues and suggest that other meanings for 
its presence and action be sought. Fiuiher, even the less drastic rates 
and amounts reported for other phases of an ACh system lead to severe 
quantitative strains on the total metabolism of nerve or brain. But 
still other difficulties have been brou^t out in this publication. 

Drug Action 

Drugs, especially esterase inhibitors, have been widely used in study- 
ing the ACh system, and their actions have been much discussed dur- 
ing this symposium. The point of greatest debate has been the ques- 
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tion of permeability; for, of course, the absence of an expected effect 
in vivo could easily be due to a failure of the added substance to pene- 
trate to the vulnerable region. However, the evidence marshalled 
seems to be conclusive that esterase can be inactivated, or ACh con- 
tent increased, without serious disturbance of function of nerve or 
muscle. 

All agree that eserine, a tertiary amine, can enter nerve and muscle, 
and Nachmansohn makes the point that the action potential of squid 
nerve can be abolished by soaking in this drug. (The fall of the ac- 
tion potential does not show the great prolongation one might expect if 
ACh removal were interfered with.) Yet Cantoni and Loewi have re- 
ported'® that a frog can be eserinized in vivo so that nerve ChE activity 
is abolished, while nerve conduction remains undisturbed. (Con- 
versely, intravenous ChE blocks the pupillary reflex in rats.*®) A 
comparable result with the even more powerful, and irreversible, in- 
hibitor, diisopropyl-fluorophosphate, has just been presented by Gilman 
and by Bodansky. Both in vivo and in vitro, though with some 
anomalies in behavior, this agent has been shown to inactivate entirely 
ChE while leaving nerve conduction and action potentials intact. Al- 
though detailed criticisms have been made, especially by Talbot, the 
major fact remains, as in the eserine experiments, that conduction with- 
out esterase is possible.* Again, veratrin can inhibit ChE,®' yet it does 
not®® influence muscle or the neuromyal junction, including its sensitiv- 
ity to added ACh, except for a late and independent negativity. 

The inability of ACh, added in large concentration to the surround- 
ing medium, to depolarize nerv’e or otherwise to disturb conduction, has 
been reemphasized by the new experiments of Lorente de No and of 
Bronk. Nachmansohn has urged that ACh, a quartemary ion, caimot 
penetrate the lipoid membrane of nerve fibers, except at their naked 
terminals, thus accounting for these negative results. Yet ACh does 
leave ner\'e trunks on stimulation and should, similarly, be able to 
enter under combined anoxia and stimulation. Further, both Bronk 
and Atcheson have presented clear evidence that tetraethylammonium 

*The results of Gilman and the Edgewood workers have since been challenged by Nachman- 
sohn and his colleagues. Both groups reported work at the April meetiag of the Federation, and 
their full papers have since appear^ (J. Neurophysiol. June). Work done in the interval in my 
laboratory fully supports the conclusions of the Edgewood group. 

Frog sciatica were immersed in peanut oil, with or without DFP, resting on stimulating and 
lead-off dectrodes. Action potentials faU in a few minutes or remain normal for hours, depending 
on the drug concentration. Conduction, when lost, is not restored in fresh oil. A nerve expo^ 
for an hour to a non-depressing concentration of DFP, washed, ground, and assayed for cholin- 
esterase by its rate of destruction of added acetylcholine (tested on the frog's rectus), shows no 
cholinesterase activity. A companion nerve continues to conduct well, while remaining in the same 
DFP solution. Further, when a washed, poisoned ner\'e is ground together with an untreated one, 
the homogenate assays at the average cholinesterase activit;^ of the two nerves taken separately. 
The DFP inactivation of cholinesterase occurs, iJberefore, prior to the grinding. Clearly, conduc- 
tion is possible in nerve lacking cholinesterase. 
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chloride, another quarternary, acts powerfully on medullated nerve 
and so, presumably, penetrates easily. 

A seemingly crucial test has been carried out in the last few weeks 
in our laboratory by MibS Graham. ACh Br U ^ 1000 in isotonic KOI 
with rital red) was injected into single muscle fiberb of the eserinized 
frog sartorius with a micropipette, and the membrane potential meas- 
ured. With one electrode inside the fiber and another outside, mem- 
brane potentials of 40 to 80 mV are regularly obtained. Injection of 
a large drop of isotonic KCl with or without ACh, large enough to fill 
the fiber cross-section and spread one to three diameters along its 
length, will immediately lower the potential by one- to two-thirds; but 
a smaller drop, not filling the entire cross-section, has little effect; only 
7% fall, in one fully satisfactory experiment with ACh. It seems, then, 
that ACh inside the membrane does not depolarize it, as postulated 
by Nachmansohn and by Beutner and Barnes. 

A number of other points have been raised here, which must also be 
kept in mind. Bodansky has emphasized the existence of a family of 
esterases, even in different neural structures of the same species: e.g., 
the enzymes in cervical sympathetic ganglion and in brain show different 
substrate and ion concentration optima, different equations relating 
concentration to activity, different substrate selectivities, etc. The 
last point is especially important, since a criterion urged for discrim- 
inating between “true” and “pseudo” esterase is the relative inactivity 
of the true enzyme with tributyrin. Yet the “true” esterase of brain 
splits triacetin up to six times faster than it does ACh. 

The distribution of ChE or ACh, or both, in various organs and tis- 
sues has also been mentioned by several discussants. Rosenblueth 
asked about conduction in adrenergic nerve fibers, which lack the ACh 
system; Hoagland made a similar point about Nitella, which conducts 
independently of ACh; another discussant mentioned a recent report 
that ChE is absent in the electric organ of Malaptorurus; and the caro- 
tid body, although specifically sensitive to ACh, is reported to lack 
ChE.®® ChE is also absent from the iris sphincter of the amphibian 
eye, while present in its cornea and in the turtle^s sphincter.®^ Con- 
versely, parts of the ACh system are richly present in spleen, placenta, 
cornea, potatoes, and some bacteria, where any relation to neural func- 
tion is nearly, or quite, impossible. And finally, in this connection, 
many other agents act on, and other enzymes are present in, neurones. 
Adrenalin keeps up the action potential in isolated cat nerve;®® ATP 
stimulates smooth, as well as striped, muscle;®® carbonic anhydrase is 
interestingly distributed in the brain ;®^ CO 2 has marked and differential 
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actions on the nervous system; and so on. Thiamin is reported®®”®^ 
to affect ACh action and synthesis and to be liberated from pre- 
cursor in relatively large amounts from stimulated frog nerve even to 
be the transmitter. Cocarboxylase, like ChE, is concentrated in the 
nerve membrane.®^ (For discussion of further recent evidence, see 
Gerard and Libet.^^) I do not see how we can reasonably select the 
ACh system from all this welter and just assign to it an essential role 
in conduction of the nerve impulse. 

THE PROBLEM OF JUNCTIONAL TRANSMISSION 

In the time available, the problem of junctional transmission, pre- 
sented mainly by Eccles, can only be touched upon, and even so the 
case of autonomic effectors, the classical one of neurohumoral action, 
which has not been before us, will be omitted. As for the neuro-myal 
junction, the unquestioned facts, that ChE is more concentrated there 
than elsewhere in the muscle fiber by a factor of 10* (Nachmansohn) , 
and that this region is more sensitive to added ACh by a similar factor 
(KufBer), are impressive; along with the potentiating and prolonging 
action of eserine, long known for junction as well as ganglion. I am, 
personally, less convinced of a transmitter role of ACh at the junction 
than I was a few years back, but do not consider that the evidence is 
crucial in either direction. (The observation®® that the lizard muscle 
fiber can respond to nerve stimulation at a time when ACh applied 
to the end-plate is ineffective, although such ACh does cause contrac- 
tion when fiirst administered, has not been explained. Also, the end- 
plate potential, often supposed to be set up by ACh liberation, is pres- 
ent in invertebrate, as in vertebrate, muscle; but the end-plate region 
in the former is not sensitive to ACh or to curare.®*) Discussion here 
has been mostly on central synapses, and the reader should consider 
these. 

As elaborated by Eccles, the currents that flow between an active 
fiber region and an inactive one, whether in the same or another unit, 
do account for the usual activation phenomena. The results of Ar- 
vanitaki®* and of many other recent experimenters®®* ®®» ®^ show that 
threshold changes and transmission from unit to unit in simple sys- 
tems are accurately and quantitatively explicable in terms of the meas- 
ured currents and the known geometry. Whether Eccles^ detailed anal- 
ysis of the situation at a synapse will hold up as well with time as he 
was able to defend it here, we do not know, but there is every reason 
to push such thinking further. (Some difficulties are: the very variable 
structures which are found in synapses, where the two units may meet as 
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parallel fibers, spirals of one on another, multiple contacts, etc., as well 
as the orthodox small end-foot stuck on a large surface, like a match 
stick on a cheese; the problem of multiple synapses on a cell body and 
the relative area of end-feet and their surround; the presence of ir- 
reciprocal conduction with protoplasmic continuity, as in an asymmet- 
rically compressed sartorius muscle. Neither these, nor the spatial 
theory of inhibition, nor the need for regarding the E. E. G. as an oscil- 
lating somatic potential, problems which have received attention in 
this publication and elsewhere,®* can be here expanded.) 

The evidence for a transmitter role of ACh in the central nervous 
system, on the contrary, is inferential and conflicting. Those who 
have read Feldberg’s recent review of this question^^ must have been 
impressed by the poor case that can be made. Added eserine, or ACh, 
or both, may increase the actmty of a brain region, or depress it, or 
cause negligible change. The failure of ACh to alter frog cord re- 
flexes, mentioned by Eccles, is a case in point. Or ACh may excite, 
while eserine depresses. Atropine, on the whole, does nothing. The 
two compounds mentioned by Gilman, both powerful anti-esterases and 
both able to produce convulsions, one of which is completely antidoted 
by atropine, while the other is uninfluenced by it, afford an instance 
of the conflicting facts in this area. Strychnine is supposed to exert its 
action by blocking ChE, yet Tobias®® has found the ACh content of 
frog and rat brains and cords decreased, if anything, by strychnine. 
Nembutal, conversely, increases the ACh content, although, as Bo- 
dansky mentioned, it also lowers ChE activity. If ACh is an agent 
for evoking neurone activity, it should increase the oxygen consump- 
tion of brain. Lipton has recently made Q 02 measurements on rat 
brain slices, at my request, and found no influence of eserine (10~') alone 
with eserine and ACh (10^) , at most a better maintenance of the usual 
initial rate. Incidentally, the only other observations I have found on 
the influence of ACh on respiration are one“® showing an increase in 
salivary gland oxygen consumption, and a forgotten one from my own 
laboratory“’^ showing a marked decrease in the oxygen consumption 
of nerve (uneserinized) . 

The best basis for invoking chemicals in synaptic transmission is 
that synaptic potentials, like those of the end-plate, may last much 
longer than could any reasonable physical discharge period for mem- 
branes with capacitances and resistances in the range known. Then one 
invokes some active depolarization process, as for nerve; and then this 
must be explained, by a chemical reaction of some sort. To be sure, 
chemical activity is involved, as in nerve, and quantitatively more in- 
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tense. But is the chemical ACh? Quien sabe? It should be recalled 
that undrugged nerve also has an enduring after-potential, which can 
increase in intensity for several minutes and persist for ten or more.^® 

CONCLUSION 

Dr. Nachmansohn skillfully and generously organized the extraor- 
dinarily successful conference of which this is the result, to bring forth 
much current evidence and a full range of judgments bearing on the 
significance of ACh, as well as of electrical changes, for the functioning 
of nerve and other tissues. With these facts and arguments before us, 
we must conclude that ACh is not critically involved in nerve conduc- 
tion, and we must be reserved in assigning it a role in junctional trans- 
mission, particularly within the nervous system. This is progress and 
should lead to greater progress. Our thinking and our consequent ex- 
perimentation now can be directed along new lines. 

This is not to say that the hypotheses which must be relinquished 
have been worthless, nor that the ACh system is unimportant. Hy- 
potheses are not true or false (who can assert absolute truth?) ; they 
are useful or useless. They do or do not suggest investigations which 
reveal new facts, facts which discriminate between alternate views or 
which fill in gaps of felt ignorance or which suggest new interpretations 
and experiments. By such standards, the various ACh h3q)otheses have 
been good; they have been abundantly fruitful. But this fruit is ripe, 
and it is time for the seed of a new idea to be germinated. Fresh fruit 
will then ripen with time and the present crop not be husbanded until 
it rots or dries up. 

What a new and fertile approach may be, I do not know. ACh and 
the enzymes that operate in the system can hardly be present adven- 
titiously. Nature no more evolved the ACh system to mislead bio- 
chemists than it evolved the giant nerve fiber to aid physiologists. ACh 
has some significance to cells. Perhaps this system is a fragment of a 
universally important metabolic mechanism, dealing, if one must hazard 
a particular guess, with the manipulation of lipid molecules. Such facts 
or statements as the following may serve as clues. ACh prevents the 
splitting of CrP by muscle juice choline lack increases the turnover 
of phospholipids ACh can replace Ca in enabling myosin to split 
ATP;®* ACh is the only system able to capture energy via both respira- 
tory and glycol3rtic reactions,®* and so is related to both respiration 
and carbohydrate utilization rates.*®*’ *®® It would still be possible for 
evolution to have selected this fragment of a more general system for 
special emphasis and fimctioning in particular situations; to serve, for 
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example, as a transmitter at parasympathetic endings. After all, ACh 
is an ion with rather striking physico-chemical properties. In just 
such fashion have the ubiquitous respiratory hemins of cells been se- 
lected for the special function of transporting oxygen. The parallel 
evolution of hemoglobin in utterly separate phyla, as the vertebrates 
and annelids, was a great mystery before the discovery that such re- 
lated molecules as C3rtochrome are almost universally present in cells. 

I am suggesting, then, that ACh may extend further and have more 
importance in cell functioning than has yet been seriously considered 
and that any particular role it plays in transmission is a secondary and 
derivative one. In arguing, as I have, for renouncing the belief that 
ACh has any direct function in nerve conduction and in transmission 
at many junctions, I am inviting those who work with the ACh sys- 
tem to emerge from the chrysalis which they have outgrown and to seek 
fresher and greater fields of intellectual nourishment. 
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CONCLUSION 


Remarks Made at a Dinner in the Hotel Astor, New York, after the 
Conference on The Mechanism of Nerve Activity, Sponsored by 
The New York Academy of Sciences, February 9, 1946. 

By J. F. Fulton 

Starling Professor of Physiology, Yale University School of Medicine, 

New Haveyi, Connecticut 

No set speeches have been planned for this evening, since those who 
arranged the Conference wished to keep our proceedings entirely in- 
formal. The Committee has asked me to express our most sincere 
thanks to The New York Academy of Sciences and, particularly, to Mrs. 
Miner and her gracious assistants, who have done so much, both before 
and during the Conference, to make it outstandingly successful. 

In this connection, I must also mention the man — and I do this 
\vithout instructions from the Committee — ^who originally conceived 
the idea of having the Conference and who, with Tracy Putnam’s ener- 
getic backing, has been so largely responsible for working out the de- 
tails. Da\dd Nachmansohn came to the United States, in the summer 
of 1939, under the sponsorship of the Dazian Foundation, and since this 
is something of a family party, I will, perhaps, be forgiven for telling 
you a family secret. The Dazian Foundation had wished to sponsor 
a physiologist from Europe. David Nachmansohn was chosen, and I 
can only say that American Physiology has been vastly stimulated by 
his presence in this country. He and his wife have made a solid place 
for themselves here; and, in the language of George Eliot, David, 
“through his mild persistence, has urged Man’s thoughts to vaster is- 
sues.” 

We feel particularly fortunate in being able to welcome so many dis- 
tinguished colleagues from abroad, this having been made possible by 
the \’ision of the Rockefeller Foundation and of the Commission for 
Relief in Belgium. Our colleagues from France bring us heartening 
news of the revival of their laboratories and of their faith in the uni- 
versal fellowship of scientific men. We are also happy to see Pro- 
fessor Augusto Pi-Suner of Barcelona and Caracas, and his son. Dr. 
Jaime Pi-Suner. Also, Arturo Rosenblueth from Mexico. In Doctors 
Hober and Michealis, we have distinguished representatives of the 
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highest traditions of Geiman science, men who could never surrender 
their faith in academic freedom. 

Frdderic Bremer exemplifies all that we most admire in his country- 
men: loyalty, self-reliance, humor, industry, and, with it all, a burning 
zeal for research that sustained him in his vigorous way of life during 
the lean years through which he has just passed. When conditions 
in his university laboratory made work impossible in 1943, he retired 
to the cellar of his house for nearly two years, and there continued his 
experimentation and his vrriting. Virtue cannot be enhanced by calling 
it to public notice and I do so now, not to add luster to Fred&ic 
Bremer's position in the world of science, but rather that others may 
take inspiration from his faith and his example. He states modestly 
that he has merely followed in the pathways of those he seeks to 
emulate. Many of us here share with him a common devotion to two 
of his masters: one was Harvey Cushing; the other, Sir Charles Sher- 
rington. Sir Charles, whom Bremer has recently seen, is now in his 
ninth decade. Bremer found him hard at work, bringing out a biog- 
raphy of Jean Fernel, the sixteenth century physician and humanist; 
while he is somewhat crippled by arthritis, his mind remains ever 
vigorous. 

Another pupil of Sherrington is John Eccles, whose industry, like 
that of Bremer's, is phenomenal. In a very short space of time, he has 
had eight children, and, not content with bringing up a large family at 
home, he also created a laboratory family of loyal associates: Hebbel 
Hoff and Da^dd Lloyd who were his pupils at Oxford, and Stephen 
Kuffler (whom you have all enjoyed hearing at the Conference), Ber- 
nard Katz, and many younger men whose names we are beginning to 
see in the literature. Chandler Brooks of Baltimore permits me to tell 
you that he, too, is going presently to New Zealand, to experience for 
a year the stimulating atmosphere of Eccles' laboratory. Character- 
istic of the Eccles family, Mrs. Eccles has extended a cordial invitation 
to Dr. and Mrs. Brooks to live with them while they are in Dunedin, 
should they have diflSculty in finding accommodations. I could tell 
you more about Jack Eccles, but since he is a good friend of mine I 
shall spare him, the more so since he knows much too much about me to 
make it safe to indulge in blackmail. 

My pleasant duty in closing is to propose a toast. Since we did not 
wish to obligate anyone to speak, it seemed inappropriate to single out 
our guests, for they have been one with the Conference. But it has 
seemed hi^ly appropriate to ask you to drink a standing toast to the 
man who has probably influenced our thinking more profoundly than 
anyone now living — Sir Charles Sherrington. 
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INTRODUCTION TO THE CONFERENCE 

By S. Bernard Wortis 

Profeasor of Psychiatry, New York University College of Medicine, and Dnector, 
Psychiatric Division, Bellevue Hospital, New York, N. Y. 

Attitudes and traditions in our society, with regard to sex behavior, 
are derived from needs and ideas that have served man at some time in 
his development. Frequently, some of these attitudes and traditions 
become codified in law and, subsequently, a frozen segment of our 
mores. This conference will bring forth new material and point to 
correlations that emphasize the need to change our attitudes regarding 
human sexual behavior. One hopes that it may help to modify our 
laws in these matters. 

Sexual function in man has come to be dominated by his mind. In 
lower animals, the endocrine secretions play a most important role in 
sexual behavior. In infra-human primates, the endocrine factor is less 
controlling. Sexual behavior of the monkey and the chimpanzee is 
modified by factors concerned with personal dominance, aggressive- 
ness, and the individuars status in his social group. In man, these 
social, cultural, and personal psychodynamic factom have become 
preeminent. This ‘^encephalization^' of sexual function has developed, 
in evolutionary time, to the point where some endocrine secretions are 
of secondary importance to the mind. Today, we recognize that 
psychologic-cultural conditioning factors play a vital role; that sexual 
attitudes are developed in early life (before the child acquires specific 
factual knowledge) and are important in the psychosexual adjustment 
of the adolescent and the adult. We must, however, modify our ideas 
concerning normal patterns of sexual behavior. 

Biologists tell us that neuromuscular patterns of bisexuality are 
present in the nervous systems of primates and other mammals. Even 
the endocrine patterns of humans show' “male” and “female” sex 
hormones to be present in every person. Moreover, variations in 
sexual behavior, such as mouth-genital contact and sexual contact be- 
tween primates of the same sex, have been observed in animal studies. 
Social taboos have strongly colored the attitude of our society to such 
experiences in man, despite the fact that such activity is usual in 
primate mammalian sex behavior. It is time that our society modified 
its attitudes to variations of the sexual impulse and tempered its laws 
relating to these matters with biological and psychodynamic wisdom. 
Much of the evidence collected in these papers will provide the basis 
for such orientation. 
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ANIMAL ENDOCRINES IN RELATION 
TO SEXUAL BEHAVIOR 

By William C. Young 
Cedar Crest College j Allerdown, Pennsylvania* 

What is unknown about the endocrines and sexual behavior in 
mammals still exceeds by far what is known. It was only 10 years ago 
that the view of most endocrinologists was confined to the generaliza- 
tions that the manifestation of male sexual behavior is stimulated by 
androgens, and that female sexual behavior is stimulated by estrogens. 
Much has been learned during the decade since 1936, but quite as 
important for the future, it seems to me, is the acquisition of a sense 
of direction. It is this theme that is to be developed in what follows. 

The relationship of the endocrines to sexual behavior has been 
studied, in males and females, in a variety of mammals: rats, mice, 
guinea pigs, and hamsters, among the rodents; rabbits, cats, sheep, 
horses, cows, and dogs, among the larger domesticated mammals; 
and the Rhesus monkey, bonnet macaque, and chimpanzee, among the 
laboratory primates. 

As far as the male is concerned, but few complications have thus far 
arisen. Agreement is general, among those whose work Beach* has 
reviewed, that the sexual responsiveness of castrate individuals is 
restored by the administration of androgenic substances; that the 
sexual excitability of sluggish individuals is increased by similar 
treatment; and that prepuberal rats likewise respond to androgenic 
action. 

In the female, the situation is more complex. The results from 
experiments on the large domesticated, and the larger laboratory mam- 
mals, which are reviewed elsewhere,*® have led to the opinion that 
mating behavior in the female is normally stimulated by such naturally 
occurring estrogens as estradiol or estrone, although in some members 
of this group, notablj" the sheep, a complete physiological response 
has not been obtained regularly, and the conclusion was reached by 
Cole, Hart, and Milleri^ that either a proper balance of hormones was 
not attained or unknown factors were involved, t In laboratory 


* Preseat address : Department of Anatomy, University of Kansas, Lawrence, Kansas, 
t It has recentb^ been reported, however (Pi^ps, Schott, SlmiLons, a PhlXUpB. 
Abstract, Proc. Ain. Soc. Zool., Anat. Rec. 96: 74. 1946), that, In the sheep and 

goat, progesterone has the effect of terminating estrous periods induced by estra- 
diol benzoate, and that the inconstant results obtained by other investigators maj^ 
perhaps, be explained by the presence of functional corpora lutea which developed 
following the injections of gonadotrophins that had been made in attempts to 
induce estrus. 
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rodents such as the rat, mouse, guinea pig, and hamster, mating re- 
sponses similar to those shown prior to ovariectomy have been experi- 
mentally produced only when a priming or conditioning injection of an 
estrogen was followed by the injection of a small amount of proges- 
terone.^2 7 39.2.27.16 

An additional and previously unreported fact was revealed while the 
experiments which led to this latter conclusion were in progress. 
The sexual behavior pattern, as seen in the guinea pig and rat, may 
have as many as three components: the mating response, a male-like 
mounting activity, and a certain amount of imnning activity. It is 
known for the mating response in the spayed rat, and for the mating 
response and male-like mounting activity in the spayed guinea pig, 
that a single treatment with estradiol benzoate, or estrone followed 
by progesterone, is sufllcient to induce these behaviors in an amount 
comparable with that shown prior to ovariectomy. A normal amount 
of mnning activity, on the other hand, has not been produced by 
this treatment. This has been accomplished only when small quan- 
tities of estrone were taken in the drinking water, or administered 
daily in the form of injections of the aqueous hormone, or when 
pellets of this hormone were implanted subcutaneously.^® In the 
case of this component of the sexual behavior pattern in the rat, 
estradiol benzoate was but slightly ejffective (a single injection was 
entirely inadequate), and progesterone appears to have been without 
any action. 

To what extent can other endocrine substances or synthetic hor- 
mones be substituted for the naturally occuning hormones? As far 
as I have been able to ascertain, experiments in which efforts have 
been made to find substitutes for estrone in the induction of spon- 
taneous running activity, have been performed only by Hemmingsen 
and Krarup.^® The synthetic hormone they used (9:10-dihydroxy- 
9 :10-di-n-prop5d-9 :10-dihydro-l :2 ;5 :6 dibenzanthracene) raised the 
level of activity well above that shown by the ovariectomized rats 
they injected, but there is nothing to indicate whether or not the 
level shown prior to ovariectomy was restored. 

In the case of the mating response, stilbestroP® and triphenyl 
ethylene®® can replace the naturally occurring estrogens; testosterone 
propionate can, to some extent, substitute for estrogen in rats®; and 
desoxycorticosterone acetate,®® pregneninolone,®^ or an aqueous 
extract of the adrenal cortex can take the place of progesterone. 
However, in every report in which the point is covered, the naturally 
occurring hormones seem to have been more effective. 
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At least two investigators have shown that the frequency with 
which male-like mounting acti^nty is displayed is increased by treat- 
ment with androgens/'* but in experiments which involved the 
induction of mounting activity by a single injection of gonadal hor- 
mones, the androgens used by Young and Rundlett*^ did not have 
a synergistic action comparable to that of progesterone. 

The conclusion to be drawn from these experiments is that there are 
substances which come close to substituting for the naturally occurring 
estrogens and progesterone, in the production of the mating pattern 
characteristic of the individual animal. That the substances which 
have been used may substitute completely for the naturally occurring 
ovarian hormones, is a question which I feel is still unanswered. 

Thus far, it has been shown that certain gonadal hormones are 
active in the production of sexual behavior. In moving beyond this 
point, I will elaborate somewhat on an aspect of the subject which in 
the aggregate has received considerable attention, but which never- 
theless is in need of further, and a more systematically organized, 
study. Although the rapidly accumulating literature has never been 
reviewed, it is common knowledge that membem of a species vary 
greatly in the nature and extent of their responsiveness, sensitivity, or 
reactivity to hormonal substances. This is as true of the behavioral 
responses as it is of the tissue responses. As the sexual behavior of 
the laboratory and large domesticated mammals has been studied, 
very great dififerences have been found in the qualitative and quanti- 
tative aspects of their behavior. Many of us have sought to correlate 
these diiSFerences, to ascertain if an animal in which the mating reac- 
tions were especially intense was also active in mounting other ani- 
mals,*^ or if a prolonged period during which the female would accept 
the male was associated with a great amount of running activity.^® • 

It cannot be said that such correlations have been found. Efforts 
have been made to ascertain if any relationship exists between the 
amount of estrous behavior and the number of maturing follicles*®* 
and, in the case of two chimpanzees displaying contrasting extremes of 
behavior, the amount of excreted estrogenic substances was assayed.^® 
However, in neither set of observations was any correlation shown. 

Tentatively, the conclusions have been reached for the lower 
mammals^® that “the mating response, the male-like mounting 
acti\’ity and the running activity are stimulated by the cyclically 
produced secretions of the ovaries rather than by a single substance. 
But in addition to the factor of a multiplicity of hormones having 
a selectivity or specificity of action, the situation is complicated by 
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the circumstance that there is not a common threshold or sensitivity 
for the three parts of the pattern. Many observations suggest that 
each of the mechanisms mediating the three parts of the total pattern 
responds in its own manner and that the behavior which an animal 
displays is more strongly influenced by the sensitivity of these mecha- 
nisms to hormonal substances than by any quantitative fluctuations 
in the amount of secreted substances, provided the threshold of 
stimulation has been reached.” 

This inclination to focus attention on the sensitivity or responsive- 
ness of the tissues on which the endocrines act as a central problem, 
impels us to seek factors which are responsible for the differences in 
sensitivity. This, it would seem, is one of the directions in which we 
must move if the basis of qualitative and quantitative differences in 
sexual behavior patterns is to be found. 

The possibility that genetic factors may have much to do with 
the character of the response is the first to suggest itself. Although 
evidence for the existence of genetic factors within a species is still not 
extensive, no one would question the suggestion that the behavior 
patterns displayed by two species such as the rabbit and cat have a 
genetic basis. Proof is lacking, but it probably is no less reasonable 
to suppose that genetic factors operate within a species to produce 
strain differences, such as those described by Hauschildt and Evans.^’^ 

There is ample evidence for the existence of a relationship between 
the age of the animal and its responsiveness to hormonal substances, 
which comes from the work of those who have studied tissue reactions 
and those who have studied behavior,^®' 22. 23, 24, so from older 
articles cited by Young.*® For the most part, though, in the laboratory 
rodents, the changes which are in the direction of an increasing 
sensitivity seem to be confined to the first month or two of postnatal 
life. Thereafter, through the tenth month in the rat, and the second 
year in the guinea pig, no further changes have been detected.*® 
It remains to be shown, therefore, for the period when reproductive 
activities are possible, and later, that age is related to the sensitivity 
to gonadal hormones and thereby to the character of estrous behavior. 

Seasonal fluctuations in sensitivity of the tissues to gonadal and 
hypophyseal hormones are asserted to occur,*»®'^^*2i t^^^t there is no 
very satisfactory evidence that the sensitivity to hormonal stimula- 
tion, involving behavioral responses, varies similarly. 

The relationship of the endocrines to the problem of sensitivity 
needs clarification and further study. Hypophysectomy has, in 
general, been followed by difficulty in obtaining estrous responses. 
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although hypophysectomized rabbits, dogs, cats, and rats have been 
brought into heat by replacement therapies. The high percentage of 
failures, and the weakness of the responses when estrous behavior was 
obtained, could be attributed to the severe general eiffects of the 
operation. The procedure, moreover, does not enlighten us with 
respect to the effects of specific endocrine organs such as the adrenal 
gland, the thyroid, and the gonads themselves. As far as the adrenals 
are concerned, the most suggestive studies are those of Bourne and 
Zuckerman,® in which evidence is cited for the action of the adrenal 
cortex in lowering the threshold for estrogen stimulation, as measured 
by changes \vithin the vaginal epithelium. Tissue sensitivity has also 
been said to be modified in experimental hyper- and hypotension.* 

Of the investigations dealing with the relationship of the endocrines 
to the sensitivity or responsiveness of the elements mediating be- 
havioral changes, studies of the gonads have been the most numerous. 
What is clearest is that, during the prenatal period and much of 
postnatal life, the gonads are without any detectable effect. Not 
only are the development and maintenance of a normal sensitivity 
to estrogen independent of ovarian action,®® but the injection of large 
quantities of estrogens and androgens during early postnatal life 
actually prevents the acquisition of a responsiveness to the estrus- 
inducing hormones.®®-®^ In a confirmation and extension of this 
conclusion. Beach® was able to show that the differentiation and 
development of the structures controlling sexual behavior are possible, 
even under the conditions of a congenital absence of gonadal tissue. 
Such being the case, we are compelled to look elsewhere than to the 
gonads for the factor which is responsible for this change m sensitivity. 
Moore®^ has postulated that sexual differentiation is under the control 
of genetic sex-determining factors, rather than of gonad-secreted 
hormones and, without denying a later activation to such hormones, 


• Two recent abstracts contain information bearing on this point, rielsoh- 
mann (Fed. Proc. 5 (2); 28. 1946) notes that the ability of estrogen to modify 

certain metabolic changes in immature chicks is neutralized by treatment with 
thyroxin, whereas estrogenic effects on the structure of the oviducts are un- 
affected. In an investigation (Toimg, Webster, ft Xxmes. Abstract, Proc. Am. 
Soc. Zool., Anat. Rec. January, 1947; In press) in which the sensitivity of the 
behavioral reactions was tested under the conditions of acute hyperthyroidism, 
the responses given by ovariectomlzed guinea pigs which survived the treatment 
were quantitatively and qualitatively similar to those shown prior to the Injec- 
tion of crystalline thyroxin. In three older studies (Heiss ft Perdny. Endo- 
krinologie 2; 181. 1928. Van Bom. Endocrinology 17: 152. 1938. Heyer ft 

Wertz. Proc. Soc. Exp. Biol. & Med. 38: 848. 1938), the responsiveness of the 

vaginal epithelium to estrogens was shown to be lower in ovariectomlzed rats 
to which thyroid preparations had been given. In a third recent study, Zong- 
ham ft GuztavsoiL (Fed. Proa 5 (2): 148. 1946) found that injections of dl-thy- 
roxin into ovariectomlzed rats for periods up to 10 days greatly decreased the 
sensitivity of the vaginal epithelium to constant doses of estrone, and that thyro- 
parathyroldectomy and thiourea treatment had the ultimate effect of increasing 
sensitivity. 
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it is suggested that these uuidentified non-gonadal factors may account 
for many of the differences between individuals which are encountered 
everywhere. The possibility that such an inherited sensitivity can be 
modified, or influenced by ph3’’siological as well as hy environmental 
factors, must, of course, be studied even more carefully than has been 
done. However, \rith excellent end-points available in both males 
and females, this should not only be practicable, but should also prove 
a fruitful field of inquiry". 
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SEX BEHAVIOR IN PRIMATES 


Bt William E. Galt 
The Lijwynn Foundationf Westport^ Connecticut 

INTRODUCTION 

The study of sex behavior in infra-human primates offers a fertile 
field of investigation. Monkeys and apes are relatively so close to 
man, from the point of view of evolutionary kinship, structural 
organization, and functional capacity, that significant findings in 
regard to the psychobiological interrelations of sex behavior at this 
level should provide valuable leads and insights in studying human 
sex behavior and its dysfunctions. Furthermore, the sex behavior of 
the sub-human primate, unlike that of man, is relatively direct, 
frank, and free of self-conscious attributes. It can. therefore, be 
studied under more or less controlled, experimental conditions. 

The study of socio-sexual behavior and interrelations in these 
animal types is, however, not without its inherent difficulties. Several 
general lines of approach have been followed in studies dealing with 
this topic, but greatest emphasis in the present review will be given 
to findings which have resulted from investigations of sex behavior 
where the animals live under laboratory conditions, and where the 
answer to a specific question is sought, other variables being controlled 
as nearly as possible. It should be borne in mind that, in such studies, 
the animal is necessarily placed in a socially, sexually, and bionom- 
ically artificial situation. Conclusions drawn from the results must, 
therefore, be tempered by these considerations. Certainly, such 
conditions as captivity, segregation, and the stimulus of an observer 
intensify the primary sexual activity of infra-human primates. 

SEXUAL CYCLE IN INFRA-HUMAN PRIMATES 

The sexual cycle in the chimpanzee, and in some types of monkeys, 
lends itself particularly well to study, since it contains several easily 
observed phases. In the chimpanzee, the following macroscopic 
phases are discernible: menstrual bleeding; a postmenstrual condition, 
which is followed by tumescence of the genital area; a phase of maximal 
swelling, followed by detumescence; and a premenstrual phase, in 
which the sexual skin is quiescent. The sexual cycle in the monkey 
averages 28 days, while the median for the chimpanzee cycle is 36 
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days.*® The longer cycle in the chimpanzee is due to a greater length 
in the pre-swelling and swelling phases. The combined length of these 
two phases in the chimpanzee is about 25 days, and is more than twice 
the length of comparable phases in the monkey. Evidence indicates 
that the swelling and coloration of the seicual skin in monkey and 
chimpanzee is caused by the female hoimone, estrin. Ovariectomy 
performed on monkeys during the phase of maximal swelling results 
in prompt subsidence of the sexual skin, while expeiimental injection 
of estrin into ovariectomized monkeys produces the characteristic 
enlargement and coloration. 

TIME OF OVULATION 

Ovulation occui-s in monkeys at the time of maximal genital swelling, 
about mid-way between two menstrual periods.* Elder*® has demon- 
strated, using the method of experimental matings, that, in the 
chimpanzee, pregnancy results only when copulation occurs during 
the last few days of maximal genital swelling. Presumably, then, 
o\ailation is limited to this period, and is followed rather promptly 
by detumescence, as is the case in the baboon and in the monkey.*** 
Finch, Yerkes, and Elder,-® using the Burr-Lane-Nims electrical 
potential technique, tested a female chimpanzee throughout two 
sexual cycles and found a maximal potential, presumably indicating 
o\mlation, on the 17th day of each cycle, w^hich was within the last 
two days of maximal swelling. Additional evidence on time of 
ovulation in chimpanzees is provided by Young and Yerkes.^® These 
investigators examined the ovaries of four adult chimpanzees of knowm 
genital status and found that ovulation occurred shortly before 
detumescence. 


SEXUAL RECEPTIVITY 

Early literature on the sex beha\dor of infra-human primates 
advanced the view that they differed from many other mammals, and 
were similar to man, in that the male and female may mate at any 
time timing the sexual cycle, instead of only during brief cyclic periods 
of estrus. Maslow^ explains this appearance of copulatory behavior 
throughout the sexual cycle of the monkey as being due to the super- 
imposing of the factor of dominance, which has, in these animals, 
become closely interrelated with the sexual response. He noted a 
qualitative difference between copulatorj" behavior in monkeys, 
depending upon whether the female was in estrus or in a physiologically 
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non-receptive phase of her cycle. Copulation during the period of 
estrus was more apt to be of the functional type, whereas at other 
times it was more likely to l)e of the dominance type. Yerkes®-^ holds 
that a basic cyclicity of behavior prevails in the sexual life of infra- 
human primates, and that this cyclicity is obscured by dominance 
and other factom of a socio-sexual nature. 

There are definite indications, certainly, that sexual beha\ior in 
monkeys and apes is powerfully oriented in regard to the period of 
female estrus and ovulation. Ball and Hartman^ have shown that, 
in the monkey, there is an intensification in copulation and other 
sexual activity immediately preceding ovulation. Zuckerman^ has 
likewise observed that male baboons show a preference for females in 
which the sexual skin is swollen. On the basis of the obser\"ation of 
some six hundred controlled matings, each of which represented a 
definitely prearranged expeiiment with two subjects of known history, 
sexual status, and relationship, Yerkes,®^ and Yerkes and Elderi® ^ 
conclude that the female chimpanzee is non-receptive except during 
the swelling phases of her sexual cycle. They report that copulation 
in typical and complete form among mature and congenial animals 
occurred only during estrus. Sexual desire in the male was also 
found to be correlated with the sexual status of the female. It is 
lowest during the menstrual and adjacent cycle phases, and Is highest 
during the phase of maximal swelling. The number of copulations 
observed during maximal swelling was twice as great as during the 
remainder of the sexual cycle, although the maximal swelling phase is 
not more than one-third the duration of the total cycle. Behavioral 
data indicated that, when the associated female was in other than the 
maximal swelling phase of her cycle, the male's desire for copulation 
was weak, and that if copulation occurred it proved to be less ade- 
quately satisfying to him. The acceptability of the female to the 
male thus varies directly with her receptivity. 

Varied socio-sexual factors have been found to influence the length 
of the period of the sexual cycle during which the female infra-human 
primate will copulate. As has been mentioned earlier, important 
among these is the factor of dominance. It appears that the more 
dominant the male, both individually and as a phjdogenetic character- 
istic of the animal t5’’pe, the wider is the range of copulatory behavior 
in the typical sexual cycle, and the greater is the tendency of the 
female to respond accommodatingly to the advances of the male, 
irrespective of her sexual status. Some of the other factors which 
have been foimd to be effective in bringing about copulation in 
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chimpanzees at other times than when the female is typically recep- 
tive, are; prior isolation of the male from the female; lack of oppor- 
tunity for the male to observe the sexual status of the female before 
being placed with her; immaturity, or lack of sexual experience, of 
male or female; generalized environmental excitement; or the presence 
of a human observer. Notwithstanding that the intrusion of such 
socio-sexual factors clouds the issue, Yerkes, on the basis of his wealth 
of observation of chimpanzee mating behavior, makes the following 
generalization: “Normally and typically, a multiparous female will 
mate with a male with whom she is intimately acquainted and on 
friendly or affectionate terms only during a few days of the period of 
genital swelling about and including the usual time of ovulation. At 
other times, the female as a rule is ignored sexually by the male, or, 
if approached and solicited, she avoids him.” 

COPULATORY BEHAVIOR 

Behavior exhibited in the act of copulation is exceedingly variable 
in the infra-human primates. It not only varies from one species to 
another, but from animal to animal in the same species, and in the 
same animal druing different phases of the sexual cycle. The dorso- 
ventral copulatory position, with the male covering the female, is 
the one typically assumed in these primates. Ventro-ventral mount- 
ing has been reported, however, to occur on occasion, both in monkeys 
and in the great apes. Yerkes has emphasized the qualitative differ- 
ences in the copulatory act of the chimpanzee, depending upon 
whether it takes place during or outside the period of female estrus. 
If the female is fully receptive and sexually experienced, she usually 
takes the initiative and goes to the male when their access to one 
another is permitted. The male typically assumes copulatory posture 
and awaits the female’s approach and presentation. Upon reaching 
him, the female crouches low or even flat upon the ground, with limbs 
flexed and genitals directed toward, and often pushed against, the 
male. Completion of copulation is often followed by mutual examina- 
tion of genitalia, and by grooming. 

During times when the female is not fully receptive, the male 
chimpanzee usually goes to the female, on their having access to one 
another. She may respond by presenting, but the presentation is 
high and differs markedly from the intermediate or low presentation 
characteristic of the fully receptive female in maximal swelling. It 
is usually not followed by copulation. Although the male is physically 
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capable of forcing his sexual desires upon the female, regardless of her 
desire and sexual status, such behavior has been found to occur 
infrequently in chimpanzees if the mates are known to each other, are 
congenial, and if the male has had an opportunity to observe the 
sexual status of the female before being placed with her. 

There are indications in the sex life of both monkeys and chim- 
panzees that the female has greater copulatory power than has the 
male. In his observation of free-ranging howling monkeys, Carpenter^® 
found that, when a mature male was with a receptive female, copula- 
tion occurred at frequent intervals until the male was satiated, when, 
in many cases, he was promptly replaced by another. As manj" as 
three males were observed to be satiated in succession by one estrus 
female. Evidence of sexual satiation in the female was, however, 
not observed. Yerkes*® contributes similar observations on the 
chimpanzee. He finds that, during estrus, the capacity of the female 
for copulation is almost unlimited, whereas the male is readily satiated, 
fatigued, or wholly exhausted by one female. 

Males differ in their acceptability to the female as sexual partners. 
Carpenteri^ reports that the female howling monkey may refuse a 
given male and immediately accept another. Yerkes^ found that 
such preferential behavior also occurred in chimpanzees, and that 
with a preferred sexual partner the period of receptivity of the female 
tended to lengthen. Factors in the male chimpanzee which appear 
to be positively correlated with his sexual acceptability are vigor, 
penis length, copulation time, and number of pelvic thrusts before 
orgasm. A high degree of sexual selectiveness, aggressiveness, or 
dominance on the part of the male made him less acceptable to the 
typical female studied. It is of interest, in this latter connection, 
that, in a recent study of factors responsible for a satisfactory sexual 
rapport between man and woman, Maslow^ found that marriages were 
more satisfactory where the male and female were of comparable 
dominance-drive, or where the male was slightly more dominant. 
Successful marriages did not usually issue from the union of a very 
dominant and a very submissive individual. 

RELATIONSHIP OF DOMINANCE TO SEX 

It was early noted, in the observation of sexual behavior in monkeys, 
that characteristic responses of a sexual nature subserved fimctions 
other than that of reproduction. Studies by Hamilton^ and Kempf,®* 
in which sexually mature Macacus monkeys and baboons were placed 
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together, showed that the female might assume the position of sexual 
presentation seemingly in an effort to appease an angry, aggressive 
male. Tinklepaugh®^ reports that sexual responses were frequently 
elicited, in the monkeys and chimpanzees which he studied, in situa- 
tions where thwarting occurred, and that these responses seemed to be 
of a substitutive nature. Furthermore, such substitutive responses 
are not limited to the female of the species. A subordinate male 
monkey may also take the position characteristic of the presenting 
female in response to a dominant, aggressive male. Such behavior 
has been described by Zuckerman'^^ in baboons, and was observed 
many times in Macacus rhesus and Sooty Mangabey monkeys, by 
Warden and myself, in experiments securing data on dominance be- 
havior in these animals. Zuckerman regards sexual presenting of this 
type as an important means by which a subordinate animal adjusts 
itself to a system based on dominance. 

In a series of studies, Maslow,^*^"^® and Maslow and Flanzbaum^® 
made a systematic investigation of the effect of dominance on the 
social and sexual behavior of various types of monkeys. It was found 
that, while presentation does occur more frequently in a subordinate 
than in a dominant animal, it is by no means the most constant 
characteristic of subordinate behavior. In fact, the subordinate 
animal may often completely fail to show this reaction. A sexual 
aspect observed to be much more highly correlated with dominance 
status was dorso-ventral mounting of one animal by another. Maslow 
found that the dominant animal in a pair was responsible for between 
90 and 98 per cent of the mountings, irrespective of the sexual gender 
of either animal. As a result of his studies, Maslow concluded that 
dominance is an extremely important determinant of social and sexual 
behavior in the monkey. 

Maslow made some incidental observations, which indicated that 
a female naturally dominant to the male with which she was paired 
would, during the period of estrus, become subordinate to the male. 
Not only did the male mount her at such times, but he also tended to 
assume dominance in other characteristics of their relationship. 
Zuckerman^ has reported this same type of recession in dominance 
of a dominant female during estrus. 

Yerkes and his associates of the Yale Laboratories of Primate 
Biology^^'^®'®®'®'* have contributed the most extensive experimental 
work on the problem of the shifting of dominance with changes in the 
female sexual cycle. In these studies, attention was concentrated on 
forms and aspects of behavior, and especially on sexual responses, as 
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elicited by an experimental food-getting situation. The technique 
was essentially the same in the several studies made. Two experi- 
mental animals were confined in a large cage and secured food either 
by way of a chute or by opening a box on a platform in front of the 
cage. The pairs of animals were usually caged together throughout 
a series of obseiwations which continued for at least one complete 
sexual cycle of the female. Observations were made daily during the 
spaced presentation of ten pieces of preferred food. Since only one of 
the two subjects was able to secure food on a given trial, the situation 
afforded excellent opportunity for the exhibition of various degrees of 
dominance and subordination behavior. 

The results of the several studies may be briefly summarized as 
follows: In the male-female pairings, the priority of response in the 
food-getting situation typically shifted from the dominant male to 
the subordinate female during the female’s period of estrus or maximal 
genital swelling. With the onset of detumescence in the female, 
priority of response was again assumed by the male, and he controlled 
food-taking until the female again reached estrus. From his ex- 
tensive experience in the observation of chimpanzee behavior, Yerkes 
describes the piiority of response which the female exhibits in regard 
to food, when sexually receptive, as a ‘'right” or “custom” of chim- 
panzee interchange which is tacitly accepted by both members of the 
pair. The interpretation is advanced that, in general, the assump- 
tion of priority of response on the part of the female, during the 
period of sexual receptivity, is in exchange for sexual accommodation 
of the male. This, however, may not be the effective causation in 
the specific case, as is shown in the results obtained for one female who, 
although habitually refusing to mate even during periods of maximal 
receptivity, nevertheless gained prioritj’’ of response at such times. 

In the female-female pairings, changes in response priority usuallj- 
occurred duiing the various phases of the menstiual cycle, but the 
relationships were by no means as clear as with the male-female pairs. 
Sexual receptivity appeared to have an opposite effect upon behavior, 
depending upon whether it was the naturally dominant or the natur- 
ally subordinate member of the pair that was in this physiological 
state. The naturally dominant female tended, in estrus, to lose 
priority of response to the subordinate female, while the naturally 
subordinate female, when sexually receptive, ordinarily achieved 
priority of response over the dominant female. This latter relation- 
ship was shown more clearly in a later study in which ovariectomized 
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females were paired with other females in order to eliminate cyclic 
sexual changes in one of the members of each pair. 

An attempt to determine the physiological basis for the observed 
shifts in priority of response with sexual status has been made by 
Clark and Birch.^® These investigators studied the effects of differ- 
ential sex-hormone level upon the priority of response of a male- 
castrate chimpanzee, when paired in the food-getting situation with an 
unoperated male. They found that, under treatment with male 
hormone, the dominance of the castrate-male, i.e., his priority of 
response in the food-getting situation, increased. Treatment with 
female hormone, on the other hand, produced such a decrease in 
dominance that the previously dominant castrate became subordinate 
to his partner. The effect of female hormone on the behavior of this 
castrate-male thus was seemingly opposite to the effect of female 
hormone (estrus) on intact females. Several experimentally testable 
hypotheses, which would explain this differential effect of female sex- 
hormone level on the socio-sexual behavior of the male-castrate and 
the intact female, are suggested, and it is indicated that further 
experimentation is going forward. 

In the absence, as yet, of definitive experimental data, the following 
hypothesis seems to tally best with all observed facts. It posits the 
existence of two interacting factors — one, hormonal; the other, socio- 
sexual — operating in the changes of female response-priority with 
sexual status. The strictly physiological effect of female hormone is 
to reduce dominance status, as is demonstrated by the experimental 
findings of Clark and Birch. This action would account for the 
observed reduction m dominance status, during estrus, of the naturally 
dominant female in relation to the subordmate male or female partner — 
a result which has been noted in varied primate types by Zuckerman, 
Maslow, and Crawford. At the same time, however, a contraposed 
socio-sexual factor is operative. The perception, by the male, of full 
female receptivity has, in the chimpanzee at least, a powerful and 
independent influence on the male's behavior. Relationships in this 
anthropoid seem to prescribe, as Yerkes has indicated, that the 
subordinate female, although physiologically less prone to dominance 
during estrus, shall at such time assume priority of response. Be- 
havior exhibited in this situation indicates that both the male and the 
female expect such a shift in priority to take place. As already 
mentioned, male and female patterns of sex response are not sharply 
demarcated in the primate. Female monkeys and chimpanzees often 
act like males, especially if they are the dominant fl-nimal of a group 
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or pair. This pervasiveness of the male pattern in female responses 
would account for observations by Crawford, and by Nowlis, that the 
naturally dominant female ordinarily grants priority of response to a 
subordinate female when the latter is in estrus. The dominant 
animal is, in this situation, responding with the usual socio-sexual 
custom of the male. 

The operation of the two factors outlined would seem to have 
unquestionable survival value for the primate, in view of Maslow’s 
findings that a dominant monkey, whether male or female, is almost 
never mounted by a subordinate one, and Yerkes’ observations that 
mating behavior in chimpanzees is mostl3" unsatisfactorj" and incom- 
plete where there is a large discrepancy in the dominance status of the 
consorts. Both the hormonal and the socio-sexual control tend 
towards producing, in the male and female, a more equal dominance 
status during the period of mating. If it w’ere not for the former, a 
naturally dominant female would tend to be sexually inaccessible to 
a subordinate male. Were it not for the latter, a naturally subordinate 
female would be so far removed in dominance status from a dominant 
male that effective mating behavior could hardly occur. 

The hypothesis here outlined seems to derive indirect support from 
an investigation by Nowlis^® on the relation of degree of hunger to 
dominance-subordination behavior in the chimpanzee. In this study, 
it was found that changes in the behavior of the dominant animal 
have much more effect on the food-taking of the subordinate member 
of a pair than have great variations in the intensity of drive of the 
subordinate. On the basis of these findings, it would appear that, 
in order for strictly hormonal modifications in the female to result in 
priority of response over a naturally dominant male, it would be 
necessary that an extremely great increase in dominance accompany 
an increased level of sex hormone. On the other hand, a much 
slighter change in the behavior of the dominant male would result in 
the female's priority of response to the food. 

INNATE ORGANIZATION OF MATING PATTERN 

Evidence indicates that the mating performance of males of sub- 
primate mammals is innately organized, in reasonably complete form. 
Beach®* ® has shown that rats reared in isolation from weaning imtil 
maturity, usually mate as readily and as effectively as an experienced 
copulator when first placed with a receptive female of the species. 
As one ascends the evolutionary scale to the infra-human primates. 
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evidence for the innate organization of the male's mating responses 
iS less conclusive. Factors of learning and social interreactions of 
varied kinds appear to become increasingly important in determining 
the mating beha\ior of monke3^s and apes. While there is some 
indication that the adult male monkey is capable of effective copula- 
tion on the occasion of his first contact with a receptive female,® this 
is certainly not true for the chimpanzee. This fact is stressed in the 
observations of Bingham,® and of Yerkes and Elder,®® on the latter 
primate tj^pe. Although the male may have participated in types of 
sexual plaj" prior to adolescence, and though the experienced female 
ma3" attempt to assist him in his efforts, the male is not capable of 
satisfactory^ copulatory" beha\dor on his first attempt and requires 
practice and experience to bring him to a point where he is a skilful 
copulator, completely' acceptable to the female. The female chim- 
panzee, on the other hand, behaves wholly appropriately and effec- 
tively in her first mating experience. It has not been determined if 
the female chimpanzee raised in isolation would be able to respond 
adequately^ to her fii-st sexual contact. It is certain, however, that the 
process of maturation, plus learning from social contacts and sexual 
play before puberty, enable the female but not the male chimpanzee 
to behave appropriately and effectively in the first mating attempt. 

BISEXUAL BEHAVIOR 

The occurrence of bisexual behavior has been found to be a charac- 
teristic of many animal forms. Beach® has reported many instances 
of this type of reaction in his series of studies on the sex behavior of 
rats. !Male rats quite often mount other males and execute the entire 
copulatory pattern. Less frequently, a male rat will assume typical 
features of the female sexual response when mounted hy another male. 
Female rats, though showing typical sexual receptivity when mounted 
by males during estrus, frequently respond to receptive females wdth 
the execution of the entire masculine copulatory pattern, or of certain 
elements of it. It is particularly interesting that the most effective 
stimulus-pattern for calling forth the male copulatory response in 
female rats is the sexually receptive female: Lc., precisely the same 
stimulus that is most potent in calling forth this response in the male. 

Bisexual beha\dor is by no means limited to sub-piimate mammals. 
As indicated earlier, such behavior was observed to occur frequently in 
monkeys. It has also been reported in chimpanzees by Young®® and 
by Yerkes.®® The latter found that associated female chimpanzees 
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both mounted, and were mounted hy^ their companions of the same 
sex. He calls attention to the fact that, when one female mounts 
another, it is the female in estrus that is mounted. It thus seems that 
in chimpanzees, as in rats, the receptive female is a potent stimulus 
for calling forth male copulatory responses in another female. 

A stud}’^ of ’the sex beha\dor of infra-human piimates and of lower 
mammals, then, gives indication that the patterns for both masculine 
and feminine mating-responses are an innate part of the beha\dor- 
reaction of both male and female. A thorough understanding of this 
broad piinciple, as it operates in animal types so closely related to the 
human species, should do much to enlighten our socio-cultural atti- 
tudes toward so-called ‘^homosexuals’’ and place this behavior 
deviation in a proper biological perspective. As I attempted to indicate 
in an earlier paper ,2^ such experimental and obser^^ational data should 
make clear that the either-or type of sexual behavior demanded of 
man and woman by the mores of Western cultme, under threat of 
severe penalty, is not in line with the trend of sexual adjustment as it 
has developed throughout biological evolution. In making its present 
stereotyped restrictions, based upon a dichotomous interpretation 
of the sex-response, occidental culture overlooks man’s biological 
heritage, his physico-chemical make-up, and his natively endowed 
response patterns. 

In reviewing the experimental studies of sex behavior in infra-human 
primates, one is struck with the continuity of this behavior with that 
of lower animal forms. There is nowhere a sharp break from earlier 
phylogenetic patterns. Though moderately diverse in expression, 
and though more dependent upon the process of learning, sex remains 
in piimates, as in other animal types, on a manifestly instinctive level. 
It is uninfluenced by such factors as self-consciousness, or of sjunbolic 
processes in the form of mental associations and projections. The 
marked divergence of the sex behavior of man, when compared with 
that of other animals, is of particular interest to me because of my 
association with the phylobiological researches of The lifwynn 
Foundation. In man, the biological function of sex has been largely 
side-tracked by affect-laden images, symbols, and projections. Through 
an inadvertence in his socio-symbolic evolution, man has in no small 
measure been betrayed, as it were, by the very symbolic processes 
that have so greatly enlarged his possibilities of mental adaptation 
and communication. Because of this faux pas, man has now come 
to mentalize the deepest and most spontaneous needs of his organism. 
In consequence, sex has, to an immeasurable degree, become lodged in 
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man’s head, and has correspondingly receded from his more basic, 
instinctive centers of fimction. The presence of the mother image, of 
dependence, transference, and sentimentality is due to the intrusion 
of affecto-symbolic trends that play a major role in the varied dys- 
functions in man’s socio-sexual behavior.® 

The predominant intermixture of partitive, symbolic elements in 
the sex behavior of the hominid doubtless accounts for the fact that 
man is the only animal that typically mates without regard to biological 
fitness for reproduction, and irrespective of the organism’s physiological 
needs. Certainly, the generally accepted conclusion that human sex 
behavior is uninfluenced by the periodicity of sexual receptiveness 
and desire would hardly seem warranted, in view of the demonstration 
of sexual cyclicity in the behavior of a primate so similar to man as the 
chimpanzee in structure, development, physiological processes, and 
in many important behavioral aspects. Indeed, on phylogenetic 
grounds, it seems not unlikely that such a cyclic rhythm would 
constitute a vital element in healthy human sex behavior, and that it 
is only because man is dominated by S3nnbolic images and ideas of sex 
that he has lost touch with the deeper and more basic physiological 
rhythms which natively control sex reactivity in other animal forms. 
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GENERAL DISCUSSION 


Dr. Lawrence S. Kubie (College of Physicians d: Surgeons. Columbia University, yew 
York,y.Y.): 

A conference such as this stirs into activity many questions which have been lying 
latent in my mind.^ Concerning the patient, carefin stalking of an elusive answer 
to an elusive question, that of the ultimate basis and the dtimate mechanism of 
sexual need, the work to date has eliminated many candidates for this role, but does 
not elect any one. By this, I mean that it indicates the existence of a large number of 
body proce^es which contribute to sexual activity, but which are not the sine qua non 
of such activity; leaving unanswered the question as to what is the ultimate bio- 
chemical basis of sexual need and sexual benavior. 

Perhaps I can make this question clearer by indicating, briefly, the state of our 
knowledge with respect to the other basic instinctual processes, such as respirator}^ 
needs, water needs, and nutritional needs. With these, it is clear that, in the so- 
called resting state of the body, the simultaneous asynchronous processes approxi- 
mately balance each other. When deprivation occurs, sooner or later this deprivation 
synchronizes the biochemical processes of the body. This, in turn, creates a general- 
ized tissue need throughout the body, which then must be translated into behavior. 
In the respiratory sphere, deprivation can last only a few seconds before anoxemia 
begins to mvolve" all body tissues. Water deprivation takes somewhat longer, and 
nutritional deprivation still longer, but the basic process is identical in all three. 

Is there anything comparable to this in the p^chosexual ^here? Are there any 
biochemical processes which are an essential sine qua non for erotic needs? Has 
deprivation any comparable physiological role in sex? Are local vascular or secretoiy 
cmmges essential, or are all the local changes in the reproductive and genital systems 
secondary” in importance to glandular disturbances (m the pitiiitary, or elsewhere), 
or to changes in the central nervous R\”stem? Are we in a position, as yet, to answer 
the positive aspect of these questions'^ 


Dr. Margaret Mead (American Museum of Natural History, New York, N. 7.): 

It would seem, jud^ng from the materM which shows corrections between 
“intelJ^nce” and efficiency of mating behavior in mffies, and not in females, that 
there is a possibility that the wrong units of comparison have been used. If, for 
mating behavior, we were to substitute the unit, effective reproductive behavior, 
then we would compare courtship and effective copidation, for males, with courtship, 
effective conception, gestation, delivery, lactation, and postnatal protective care, 
for females. We would find, I believe, that the same sorts of relationship existed for 
females as for males. Choice of the unit called mating beha\”ior is actually based 
upon an artificial extension, to a two-sex comparison, of the unit which is meaningful 
for one sex only. 


Dr. Bda Mittelmann (Cornell University Medical College, New York, N, Y,): 

Sexual (genital) behavior can be stimula^, or inhibited, or generally altered, by 
essentially non-sexual situations and experiences. I would like to cite two observa- 
tions, one accidental and the other experimental. 

I happened to be standing at the elephant's cage in the Central Park Zoo, one day 
during the War, when the air raid sirens were sounded. The mother elephant and 
the baby elephant were in the cage. The baby elephant sidled up to the mother. 
The mother dephant defimtely g^ve the impression, by the posture she assum^, 
that she was sexually excited. This observation indicates that anxiety-producing 
stimuli, under certain circumstances, may lead to sexual excitement. 
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The other observation is of an experimental natme. Gantt induced an experi' 
mental neurosis in a male dog; with the conditioning method of ex{)osing him to 
various stimuli beyond the pomt of the animal's ability to differentiate. Among 
other behavioral and psychosomatic symptoms that the dog developed in the 
experimental situation, there was, also, the phenomenon of almost continuous 
erection. Further, when the dog was given the adequate sexual object, a receptive 
bitch, the dog engaged in sexual intercourse, but the duration proved to m shortened. 
In other words, the dog developed the eqmvalent of premature ejaculation. In some 
instances, the duration was one-third of that shown by this dog before the development 
of the experimental neurosis. 



PHYSIOLOGICAL AND PSYCHOLOGICAL FACTORS 
IN SEX BEHAVIOR 

PabtII 

HUMAN SEX BEHAVIOR 
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SEX BEHAVIOR IN THE HUMAN ANIMAL* 


By Alfred C. Kinsey 
Indiana University, Bloonungton, Indiam 


The data that are presented here, on human sexual beha\dor, 
represent a limited portion of material accumulated in an extensive 
case history study which has been under way at Indiana University in 
the past eight years. The project is being supported by Indiana 
University, and by the Medical Divisions of the National Research 
Council and the Rockefeller Foundation. The study is based upon 
fii*st-hand interviews with persons of wide social range, of all ages, and 
of a diversity of educational, occupational, religious, and mral-urban 
backgrounds. 10,500 histories are now in hand. The material 
presented in the present publication is particularly concerned \rith 
showing the correlation between human patterns of beharior and the 
basic biological picture which has been developed by the students of 
sex behavior in other mammals. 

Information concerning the ontogenetic development of human 
sexual behavior has been particularly scanty, because of the difiBlculty 
of obtaining information conceiming the early sexual actirities of 
children. The data now available have been drawn, partly, from 
direct interviewing of younger children down to the age of three, 
where a special play technique has been developed for obtaining 
e\ddence, not only of the child’s factual knowledge and of his overt 
experience, but also of his attitudes on sexual matters. Part of the 
information has been obtained from memories of adults concerning 
their own pre-adolescent experience, and part has been obtained from 
observations made by adults on early childhood behavior. It is now 
clear that sexual attitudes develop at an early period and considerably 
in advance of the child’s acquirement of specific factual knowledge. 
Attitudes are subtly shaped by the child’s younger associates, and 
by the reactions of its parents and of other adults. At an early age, 
the child becomes conscious that there are peculiar social values 
attached to sexual matters, and that certain t\"pes of beharior are 
accepted, while others are condemned. The adult patterns are first 
laid down in earliest childhood and, by the onset of adolescence, the 
individual has acquired the pattern which is peculiar to the particular 

^ The detailed data on which this paper waa ba^ed will be included m a whole volume on Sexual 
Outlet m the Human Male, which is now m the couist of preparation. 
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social level in which he lives. Few persons materially modify their 
patterns during their subsequent lives. The adult thinks that he has 
consciously chosen his particular course of action, but, in reality, he 
has merely accepted the judgments of his fellows and a pattern which 
is long-standing in his community. 

Specifically genital play occurs in two-thuds of the pre-adolescent 
boys, and in about a fifth as many of the pre-adolescent girls. There 
is moi-e homosexual than heterosexual play. When the play in- 
volves contact with an experienced individual, the pre-adolescent 
may be aroused to the point of an orgasm which is as intense and as 
complete as anything in the adult. The work with the other mam- 
mals has shown that the bases of a complete sexual response are present 
at birth, and the data on the human are definitely in accord. 

In the human, there are many of the same fundamental differences 
between male and female sexual development and mature behavior 
that are found in the lower mammals. The responsiveness of the 
human male develops earlier than that of the female. By fifteen years 
of age, 92 per cent of the human males have experienced orgasm, but 
the female population is 29 years of age before a similar percentage has 
experienced first orgasm. The spread between male and female is 
much wider in the human than in other mammals. The increased 
difference in the human is a product of the cultural restraints which 
delay female sexual development perhaps ten or twelve years longer 
than is biologically necessary. There is considerable difference in 
sexual conditionability of human male and female, which is in accord 
with the work on lower mammals. Males are aroused by a longer list 
of psychologic stimuli, more readily conditioned by past experience, 
and more aroused by anticipation of further experience. Visual 
stimuli are more significant to the average male. 

The sexual activity of the male is continuous from the time of the 
first orgasm, at least if that orgasm occurs after the onset of adoles- 
cence. Over 99 per cent of the males have regular, usually weekly to 
near-daily, sexual activity, from soon after the onset of adolescence 
until 45 years of age. Female sexual activity is often discontinuous, 
with gaps of months and years between periods of sexual activity. 
For a majority of the females, there is no particular disturbance 
because of lack of sexual outlet during such periods, whereas all males 
are disturbed when the continuity of their sexual outlet is broken. 

Human society has been considerably concerned about the so- 
called perversions in human sexual behavior, particularly about 
mouth-genital contacts, homosexual behavior, and such interspecific 



KINSEY: SEX BEHAVIOR IN THE HUMAN ANIMAL 


637 


activity as the fann boy has with farm animals. The specific record 
indicates that all of these activities are far more extensive in human 
behavior than has been realized, occurring in 40 per cent to nearly 75 
per cent of large segments of the normal, socially wfell-adjusted 
population. No one has realized their wide occurrence, because the 
social taboos have kept them from public knowledge. The work on 
other animals now.’ makes it clear that all of these activities are usual 
and normal parts of the mammalian pattern of behavior. Their 
extensive persistence in human behavior, in spite of our English- 
American legal and cultural codes, and abundant evidence that they 
would occur even more widely if cultural restraint were removed, bear 
further testimony to their basic mammalian origias. Psychologic 
studies of these problems have been misdirected. It is not a question 
of explaining why such things persist in the human animal, but a 
question of explaining how so many individuals come to avoid and 
restrain their biologically normal reactions. Further studies of 
mammalian sexual behavdor should be of prime importance in eluci- 
dating many other aspects of human behavior. 




ABERRANT SEX BEHAVIOR IN HUMANS 


By Morris Herman 
Bellevue Hospital, Sew Yotk, S. F. 

According to Havelock Ellis, sexual acti\’ities, entirely and by 
preference outside the range in which procreation is possible, may 
fairly be considered abnormal, i.e., they are deviations. In order to 
remain within the normal range, all variations must, at some point, 
include the procreative end for which sex exists. Of course, one 
should substitute heterosexual genital contact for the term, pro- 
creation, in this definition, since the latter term excludes the normal 
use of birth control measures. There are serious difficulties in at- 
tempting to divide sexual behavior into the dichotomies, normal and 
abnormal. In reality, there exist kinds of sexual behavior common 
to the great majority of individuals, and types of sexual behavior 
which are different in some form or another. The term, aberrant, 
which literally means straying or wandering away from a straight 
path, is a good term to apply to these deviations from the average. 
All too commonly, physicians and othei*s judge these aberrations 
in sex behavior \rith inadequate information by their own standard 
of what is normal or average. It is most important that the knowl- 
edge of the average sex conduct of human beings should be widely 
disseminated, with particular emphasis on the broad variations 
encountered. Numerous anthropological investigations of the sex 
life of primitives, and the sex data of contemporary Americans gath- 
ered by Efinsey and his group, are exceedingly valuable sources of 
such information. 

It is evident that the relationship of an individual’s sex conduct to 
the mores of the group is a determining factor in the consideration 
of its aberrant quality. However, many sex acts, such as mouth- 
genital contacts, etc., are utilized by many as preliminary to hetero- 
sexual genital contact. Are these, too, to be considered aberrant? 
We think not. Aberrant sex behavior can best be defined as sex 
activity utilized by preference as an end-point in gratification, despite 
the opportunity and ready availability of heterosexual genital contact. 

The term, perversion, as applied to sexual deviation, is mentioned 
only to be condemned. It conveys a moral judgment which, un- 
fortimately, is already too deeply ingrained in social thought. 

Aberrant sexual behavior may be divided into the following types: 
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(1) Inhibition of sexual impulses; (2) augmentation of sexual im- 
pulses; and (3) deflections of sexual impulses. 

Inhihi-tion of the sexual impulse is clinically manifested in many 
ways. An individual may feel no interest of a sexual nature, make no 
effort to arouse erotic desire within himself, and develop no physical 
evidence of arousal. Such a condition may result from organic 
factors, such as the normal process of aging and some endocrine 
disorders (pituitary underfunction, hypothyroidism, adrenal cortical 
disease, and sex gland deficiencies). However, many instances occur 
which are due to psychological factors. A patient has been studied in 
whom the development of sexual inhibition was related to marked 
hostility towards a dominant wife. This man was a shy, passive 
individual. He succeeded, by means of his sexual inhibition, in 
inflicting punishment upon his wife, who bitterly resented his lack of 
sexual interest in her. Such total inhibitions may also be a manifesta- 
tion of a diffuse hysterical process. Frequently, the inhibitions of the 
sexual impulse are not total but partial, producing such manifestations 
as impotence or frigidity, premature ejaculation, and vaginismus. 

Impotence and premature ejaculation are generally accompanied 
by great anxiety and distress. In such instances, there is discord 
between the man^s sexual urges and his ability to execute the sexual 
act, and he usually complains bitterly about his symptoms. The 
attitude towards frigidity in women is changing. In the last two 
decades, frigidity was accepted as the normal sex behavior in women. 
However, the educational aspects of psychoanalysis have broadcast 
the viewpoint that every healthy woman should attain climax and 
orgasm. The result is that many women who would have been 
content with their incomplete sexual pei*formances, if they were living 
twenty or forty years ago, are not so today. The physician must 
preserve a scientific attitude, and keep open the possibility that the 
absence of orgasm may be biological in some women and not necessarily 
conditioned by emotional factors. Each case must be judged on its 
merits, and aU the biological and psychological factors must be 
evaluated. 

Impotence and frigidity are frequently the result of unconscious 
conflicts and anriety. In the analysis of patients presenting such 
symptoms, one often foimd the following mechanisms: unconscious 
fears of punishment; conflicting loves such as parental fixation, latent 
homosexuality, and narcissism; and conflicting hates or aggression 
projected onto the sexual partner. A patient has been observed who 
complained of frigidity, and related the fact that, while having sex 
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relations with her husband, she feels herself reaching climax, but is 
frustrated in achieving orgasm by the sudden appearance in fantasy 
of the face of her brother. Further examination revealed the informa- 
tion that she had had sex relations with her brother, and orgasm when 
she was nine years of age. This was followed by a profound sense of 
guilt and fear of punishment. These emotional feelings were in- 
strumental in blocking the occurrence of orgasm in her adult life. 

Augynentation of sexual activity is known as satyriasis in the male, 
and nymphomania in the female. Here again, the problem exists of 
determining whether an individual is possessed of a greater biological 
sex drive (a constitutional phenomenon), or whether such heightened 
sexual activity is manifested as a result of displaced unconscious con- 
flicts and anxiety. There occur individuals who are latent homo- 
sexuals and overcompensate for these unconscious feelings by excessive 
heterosexuality, as if to convince themselves that they are not homo- 
sexuals by constant i-epetition of the sex experience. This group is 
often referred to as Don Juans or Donna Juannas. In some instances, 
the psychological meaning of increased sexual acti\dty is a drive for 
power, in which the individual uses his sexuality to ensnare and con- 
quer. He or she \^ishes to demonstrate to himself or herself superiority 
and dominance. Sometimes, the unconscious factors that motivate 
such behavior are found to be marked aggression and hostility towards 
the opposite sex. 

Recently, there has been described an unusual case of njunpho- 
mania, in a woman of forty-five years of age. For several years, she 
had been experiencing greatly increased sexual appetite, even to the 
extent of having spontaneous orgasms. The causative factor was 
eventually determined to be a small tumor in the paracentral lobule of 
the parietal lobe of the brain, which was producing these sexual 
symptoms by irritation of the area of the topical projection of the 
genital structures. The symptoms disappeared completely when 
the tumor was excised. Another similar case has been observed, 
in which the excessive erotic symptoms appeared to be the result of 
stimulation from an epileptic focus in the brain. The sexual feelings 
in this woman occurred suddenly and intensely, sometimes awaking 
the patient from sleep. There was no psycho-erotic fantasy preceding 
the sexual arousal. This woman would either masturbate to relieve 
her sexual tension, or would engage in sexual intercourse, sometimes 
requiring the services of ten or fifteen men in one night before her 
sexual tension was relieved. 

The sexual impulse is presumed to be directed towards attaining 
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heterosexual genital contact. However, it frequently strays and is 
deflected into other erogenous zones, before achieving genital climax. 
In some individuals, this deflechon of sexual activity is the end-point 
in the process. The psychological sexual process is either abridged or 
deviated, in such a way that some special part of the process, or some 
object or action normally on its margin, becomes the chief focus of 
attention. What is to the normal lover of secondary importance, or 
even indifferent, thus becomes of primary importance, and may 
properly be said to be the symbol of the whole sexual process. There 
are recognized such deflections of sexual conduct as mouth-genital 
contact, anal intercourse, masturbation, fetishism, sadism and maso- 
chism, exhibitionism, voyeurism, and homosexuality. The literature 
on these topics is enormous, but only a few observations can be made 
at this time. 

Masturbation, as is well known, occurs in a very high percentage of 
individuals during theii* early life. This is a normal phase of develop- 
ment. However, in some adults, despite opportunities, masturbation 
replaces genital contact as a source of gratification, and so becomes 
aberrant sex behavior. This is found, frequently, in shy, rather 
introverted characters, commonly referred to as schizoid. It occurs 
also in neurotic indirtduals who are unable to achieve genital sexuality. 
It was so common a manifestation in schizophrenics that the older 
literature described masturbation as an etiological factor in the 
production of this psychosis. The masturbation here prepresents 
a regression to narcissism. The following case illustrates the necessity' 
for evaluating sexual behavior in the setting of an individual's person- 
ality: A highly intelligent nineteen-year-old boy, a college graduate, 
stated that he w’as nervous and fatigued, and he believed that these 
symptoms w^ere due to his masturbation. He w^as aw^are of the fact 
that masturbation occurs widely, normally without any iU-effects. 
But he argued that his body reacted differently from those of other 
people. This boy was a schizoid character, who expressed his narciss- 
ism not only in masturbation symptoms, but also in fantasy formation 
and projection symptoms, as a result of which he believed that others 
could recognize his masturbatory activity by changes in the rate of 
growth of his facial hair. 

In a general w^ay, deflected sexuality may be considered infantile 
sexuality. The cause and nature of this substitution for adult sexuality 
constitute the main problem. This may be due either to an arrested 
development, or to a regression. Since the aims of a deflected sex- 
uality are similar to those of infantile sexuality, the possibility for 
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every human being to develop sexual aberrations, under certain 
circumstances, is rooted in the fact that he was once a child. In 
scanning the literature, it is evident that, in different societies and 
different cultures, these deflected sexual activities have been differently 
regarded than they are in our present culture. Under varied condi- 
tions, such as enforced abstinence in prison, the state of the rejected 
lover, during alcoholism or drug intoxication, and in the course of 
psychotic illness, a person may temporarily utilize non-heterosexual 
genital techniques to obtain sexual gratification. This fluidity of 
response should make one pause before drawing sharp lines between 
the normal and the aberrant. 

The difficulty of assaying homosexual conduct is a case in point. 
Freud stated, have never yet come through a single psychoanalysis 
of a man or woman without having to take into account a very con- 
siderable current of homosexuality.^' In practice, we encounter 
homosexuals who have shown these manifestations since veiy early in 
childhood. This gives the impression that the predominant causative 
factor in these patients is constitutional or biological. These indi- 
viduals usually are exclusively homosexual. Another group appears 
to develop following the transition stage of adolescence, in which 
homosexual conduct occurs, noimally, in a high proportion. These 
individuals generally show, as adults, various admixtures of homo- and 
heterosexuality. Still another type consists of persons who have been 
able to repress their strong homosexual tendencies, only to have them 
produce certain personality traits such as excessive shyness with 
members of the same sex, Don Juan conduct, or an inability to achieve 
satisfactory social and sexual adjustment with the opposite sex. The 
psychiatrist has the opportunity of seeing these mechanisms in 
operation in the analysis of character disorders, and in the critical 
obseiwation of the symptoms expressed in the psychoses and neuroses. 

The problem of constitutional factom in homosexuality, as shown 
b}" physical deviations, has been discussed b}" Heniy- and Galbraith, 
who concluded that homosexual patients show constitutional devia- 
tions from the general average. These findings have been contra- 
dicted by the work of others. Moreover, one sees individuals with 
marked secondary sexual characteristics of the opposite sex, and even 
with varying degrees of pseudo-hermaphroditism, who are without 
demonstrable homosexual leanings. An interesting case is reported 
of a person raised as a woman, who had male pseudo -hermaphroditism. 
Despite the presence of testes and a predominantly male physique, 
but only a rudimentaiy^ vagina, this person had the female psycho- 
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logical and erotic attitude towards men. It is evident, from such data, 
that evironmental conditioning is of paramount importance in the 
choice of sexual object. 

When we study social attitudes and the law in relation to sex 
offenders, we come to a field which is full of challenging problems. 
Here, law and medical science do not see eye to eye. The law enter- 
tains the general attitude that the child is asexual; that any sex 
behavior on the part of the child is necessarily the fault of someone 
else; and that the child is always an unwilling victim in any sex 
episode. This is not true. In some cases, the child is the aggressor. 
A woman patient related that she began seducing men when she was 
six years of age. Our society assumes that girls below the age of 
eighteen are without sufficient will to assent properly to sexual experi- 
ence. Intercourse with such a female, not one’s wife, can result in the 
arrest of the man for the crime of statutory rape, even though this was 
not against the desire of the girl. Our society is tremendously 
concerned with protecting girls from sexual advances by men, but is 
comparatively unconcerned about protecting boys from sex advances 
of older women. Many men have been arrested with the charge of 
indecent exposure of their private parts. Women, however, are 
almost never arrested on such a charge, even though it is known that 
such exposure has taken place. At most, they may be charged with 
disorderly conduct. 

Despite the large amount of newspaper publicity generally given to 
sexual crimes, its incidence in relation to all crime is very low, about 
4 per cent of all serious crimes against persons and property. There 
are about 1,500 arrests, annually, for sex oflcenses in New York City. 
More and more, we have to realize that it is not so much the sexual 
behavior per se that is indicative of criminal behavior, but the other 
aspects of personality reaction. The sexual habits of individuals 
charged with sex crime differ very little from those of sexual aberrants 
in the community who have never come in confiict with the law. It 
is not the sexuality that should be regarded as criminal, but, as in 
other crimes, the offenses against persons or property. 

The problem of the etiology of aberrant sex behavior has been 
complicated by the efforts of those who attempt to find a single cause 
for these disorders. As a matter of fact, no simple formula exists. 
The aberrations of sex conduct result from numerous complex factors, 
interwoven in such a way that it is often exceedingly difficult to 
trace them. Cultural-social influences, genetic factors, endocrine 
disturbances, central nervous system dkease, intelligence, constitu- 
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tional factors, and developmental psychological processes are all 
important in the production of these deviations. Throughout this 
dissertation, there have been references to the effect of these factors 
in the production of sexual changes. The importance of the central 
nervous system is illustrated in the regressive forms of sexuality 
found in senility and frontal lobe disease; in erotomania released by 
irritation of centers by tumor or epilepsy; and in impotence caused 
by spinal cord disease. 

The personality factors in the production of sex aberrations provide 
a wide field for study and research. In the psychoses, we frequently 
encounter regressions to infantile sexual traits, either actual or S3mi- 
bolic, such as exhibitionistic masturbation, oral and anal activity, 
homosexuality, and sadomasochism. In the neuroses, too, there are 
manifestations of sexual problems in a disguised symbolic fashion. 
Many sexual aberrations in the adult are the result of conflicts in 
early life, identical with those of the neurotic. However, they have 
been elaborated in a different way. In those deviations of personality 
referred to as psychopathic states, sexual aberration is often present 
as a result of fixation at some early level of infantile development. 
Genital sexuality was never achieved. 

In conclusion, the psychiatrist brings to the problem of sexual 
aberrations a technique for the evaluation of personality factors, and 
a knowledge of emotional disorders from which he can draw compari- 
sons and conclusions. Above all, the psychiatrist, from his clinical 
experience, is impressed with the variability of human nature. He is 
aware that, in hk dealings with human beings, sexual problems need 
much more study from all angles. Finally, the psychiatrist must 
evaluate the theories of sexual conduct and misconduct in the labora- 
tory of actual life. 




SEX AND CULTURE* 

By Gregoby Bateson 

John Simon Guggenheim Fellow 

It is certainly too early to try to introduce rigor into those anthro- 
pological hypotheses which mention sex as a causal factor, or which 
seek to explain the divemties of sexual behavior by referring to the 
cultural milieu. Even the word, sex, Ls used by us in a series of 
different senses, varying from observable and definable copulatoiy 
behaviors to a hypothetical drive, or drives, which are believed to 
influence a very wide and undefinable category of behaviors. It is 
even doubtful whether we should, at this time, attempt to sharpen 
our definitions, and not rather wait until some clarity begins to 
appear, as we amass more data. Definitions and abstractions are, 
after all, only ‘'right’' or “wrong’' in so tar as they form part of hy- 
potheses V hich experience can test. Such hypotheses as we have today, 
relating sex to culture, are still so vague that very much more explor- 
atory work will be needed before the abstractions involved can be 
sharply defined. 

There is, however, a serious drawback to such a laissez Jaire attitude 
towards theory. It is, unfortunately, easy to construct hypotheses 
with vague concepts, and such hj’potheses are usually impossible to 
prove or to disprove. The current theories of personality and char- 
acter formation already contain an excessive number of parentheses 
(compensation, bisexuality, etc.), any one of which can be invoked to 
explain why behavior in a given case does not conform to hj-pothetical 
expectation. This building-up of parenthetical variables has reached 
such a point that today it is almost unkind to demand of any theorist. 
“What conceivable fact could disprove 3"our hypothesis?’’ 

There are, however, two possible approaches which ma^" be of use. 
not to introduce rigorous hypotheses before the science is read}- for 
them, but rather to suggest the sorts of question which we ought to be 
asking; and to delimit the orders of hypothesis to which we should 
look forward. 

The first of these approaches will only be mentioned at this stage. 

* The original papei i** iea<l betoib the Conteiente wa** illustiated b\ a film of Balinese trance 
l>eha\ioi and b\ a seiies ot Balinese tunings These matenals ueie used to demonstrate the wide 
ramifications in human uehaMor ot effects which aie m part traceable to se\ ’ The pretient 
sumnian examines nio*e full\ thin was possible at the Conieu^n e the theoretical imphcauons of 
the bOits ot data which were then presented 
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It consists in asking metascientific questions about that order of 
hypothesis which would relate a concept or set of phenomena derived 
from one scientific field (physiology) to concepts and phenomena 
derived from another field (cultural anthropology). We are attempt- 
ing to argue from a narrower sphere of relevance, the individual’s 
internal environment, to a wider sphere which includes almost the 
whole of human behavior and the external environment. All such 
transitions from a narrower to a wider sphere of relevance are known 
to be fraught with difficulty, and we may expect a priori that very 
simple alterations in the narrower sphere will be represented by ex- 
cessively complex changes in the wider. A small change in atomic 
structure may denote a total change at the molecular level. Similarly, 
even so simple a matter as a difference in physical stature might 
determine very complex differences of culture or society. Physio- 
logical sex is known to have causally powerful and complex ramifica- 
tions within the individual, and, a priori, we may expect the social 
and cultural ramifications of this set of phenomena to be so complex 
that “sex” will almost cease to be a useful category for the ordering of 
phenomena at this wider level. Indeed, we know already that those 
social extensions of "sex” which anthropologists call the “family” and the 
“kinship system” are crucial to the whole of culture, in the sense that 
all behavior can be related back to these concepts, just as the same whole 
can be related back to hunger and the economies of food.^’ *• * This 
fact, that the effects of any phenomenon within the narrow sphere 
ramify throughout the whole of the wider sphere, indicates that we 
may not make much headway in attempting to trace the manifold 
cultural expressions of physiological sex. It is possible, however, that 
we might make advances by an inverse approach: that, from cultural 
data, we might be able to derive hypotheses about the narrower 
physiological sphere. This inverse procedure has an advantage, in 
that our hypotheses are the more likely to be subject to experimental 
testing. 

The second approach to hypotheses which will relate sex and 
culture, consists in asking what sorts of data anthropologists do, in 
fact, collect. This can be followed up with the question: “What 

^ B. The Sexual Life of Savages. George Routledge & Sons, Ltd. 

London. 1929. 

■> Mallaowsld, B. Coral Gardens and Their Magic. 2 vols. George Allen and 
Unwin, Ltd. London. 1935. 

Audrey. Hunger and Work in a Savage Tribe. George Routledge 
& Sons, Ltd. London. 1982. 
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types of verifiable hypothesis can be suggested or tested by data 
of this kind?” 

Actually, there appears to be considerable confusion among other 
scientists, and among anthropologists themselves, about the nature 
of the data with which the cultural anthropologist works. Therefore, 
this matter must be made categorically clear. We too often think 
that the ab8tra.ctions which we di'aw are a part of the data from which 
they are drawn and regard ourselves as studying “culture,” or “social 
organization,” or “diffusion,” or “reli^on,” or “sex.” The creatures 
which we study are talking mammals and, whether they be natives of 
New York or of New Guinea, their talk is filled with abstract terms. 
Thus, we easily fall into the fallacy of assigning a false concreteness to 
these same abstractions. It is, therefore, salutary, at times, to leave 
all these abstractions aside for the moment and look at the actual 
objective data from which all the abstractions are drawn. 

There are, I believe, only three tsrpes of data in cultural anthro- 
pology: 

(1) An identified indivtdual in such-andsuek a recorded context said 
such-and-svxh, and was heard by the anthropologist. More than half 
of all our data take this form, and our main effort in fieldwork goes 
into the astonishingly difficult task of collecting such items. We do 
not always succeed, for various reasons. Sometimes, the individual 
is imperfectly identified. We may have insufficient information about 
his past experience and position in the kinship system and social 
organization. Still more often, we may have only an incomplete 
understanding of the context in which he spoke. But this remains our 
ideal type of datum. 

(2) An identified individual in such-and-such a recorded context was 
seen by the anthropologist to do so-and-so. Here again, the ideal record 
is not always complete. The identification of the individual and the 
recording of the context present the same difficulties as in (1), above. 
In addition, we face very serious technical difficulties when we attempt 
to record bodily movements. Even with photographic or cinematic 
techniques, this is almost impossible, and the record, when obtained, 
can only with very great difficulty be translated into a verbal form 
for analysis and publication. 

(3) Artifacts (tools, works of art, books, clothes, boats, weapons, etc.), 
made and/or used by such-and-such individuals in such-and-such 
contexts. These are, in general, the easiest data to collect, and the 
most difficult to interpret. 
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There are, at present, no other types of objective data in cultural 
anthropology.* 

From inspection of this list of types of data, certain traps in anthro- 
pological deduction appear. The most serious of these is baited 
with the temptation to confuse verbal with behavioral data. Ob- 
jectively, we may know that an individual said such-and-such about 
himself, or about some other individual; but we do not know, ob- 
jectively, whether what he said is true. The objective fact — the only 
basis upon which we can build — ^is that he said such-and-such. Whether 
his statement is true or false, must be immaterial to any hypotheses 
which we may construct, unless (as sometimes, though rarely, happens) 
we have other objective data bearing upon the truth or falsity of the 
original statement. The importance of this point can scarcely be 
overemphasized when we are considering the validity of hypotheses 
relating to sex — a matter about which human beings are not only 
reticent and dishonest, but even totally unable to achieve an objective 
view of their own behavior or that of others. 

An example may help to make clear how the anthropologist must 
proceed in such a case, and how he may construct hypotheses without 
assuming the objective truth of the verbal datum. Let us suppose 
that the anthi'opologist beam and records, verbatim , the statement of a 
man who claims: ‘T copulate with my wife n times every night.'' 
This may be an imporiant objective datum, because within it are 
implicit numerous indications about the psychology of boasting and 
the psychological role of sex in that man's life. The next question 
which the anthropologist asks himself will not be: “Is the man’s 
statement objectively tiue?" He will rather seek for those data which 
will enable him to place the man's statement in the cultural setting. 
He will want to know whether boasting and the use of sex activity for 
the enhancement of self-esteem are culturally acceptable. He will 
want to know whether such behavior is felt to be aggressive, and 
against whom the aggression is probably directed, and so on. He 


111 defining tli** contexts of human behavior, many types of non-anthropologi- 
cal information may be necessary. For this purpose, the field anthropologist 
ma> have to borrow from almost any of the other sciences. In practice, the 
‘•context’ of behavior is usually limited to a narration of those factors which the 
anthropologist deems important and is able to describe. Merely permissive cir- 
cumstances are usually omitted. For example, meteorological and geophysical 
circumstances always play a part in permitting an interview to take place, but 
these factors will usually not be mentioned in the record, unless the anthropolo- 
gist believes that the shape and content of the conversation was thereby affected. 
More serious is the common omission of physiological circumstances: the ap- 
petitive state of both subject and interviewer, and so on. It is usually imprac- 
tical to record these in anthropological fieldwork. However, the related sciences 
of psychoanalysis and experimental psychology are already benefiting from their 
closer association with the physiological laboratory, and we should certainly 
look forward to a time when physiologists will collaborate in anthropological 
fieldwork and amplify the scope of the available data. 
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will therefore note, fii*st and foremost, who is present on the occasion, 
and how these other people react to the boasting. He T\’ill look to 
see whether any of those pi*esent are markedly superior or inferior in 
status to the speaker, and whether any women are present; and he 
may later try to draw comments from the bystandem, after the original 
speaker has left the group. But in all this, he will not be trjung to 
verify the truth of the original statement, and he will not, in general, 
care whether that statement is true. At most, he may caiTj" a little 
suspended query in the back of his mind, a note that this is something 
about which he does not know, just to remind himself that every 
hypothesis suggested by the recorded statement must be so con- 
structed that the truth or untruth of the statement will be irrelevant 
to the hypothesis. 

The cultural anthropologist, in fact, is in the peculiar position of 
studying mammals which talk, and it is necessary to underline this 
fact to the minds of those who study less articulate and, therefore, less 
deceptive creatures. The circumstance that our subjects can talk to 
us, and to each other, is the great advantage which we have over the 
animal experimenter. However, it is ver^" important not to abuse this 
advantage. To avoid such errors, stringent precautions must be 
observed, and these precautions necessarily limit the nature of the 
hypotheses which we can construct and verify. 

Another peculiarity of the data collected by cultural anthropologists 
is the extreme complexity of each individual datum. The require- 
ment that each datum include full identification of the individual and 
description of the context, is perhaps never fully met in practice. 
The fact remains, however, that a very large number of circumstances 
are always relevant, in the sense that a small change in any one of 
them might reverse, or drastically change, the form of the behavior 
which we are recording. There is, therefore, almost no possibility of 
handling the data statistically. The contexts, the individuals, and 
the behaviors are too various for their combinations and permutations 
to be handled in this way. The unit data of which anj’’ sample is 
composed are too heterogeneous to be legitimately thrown together 
into a statistical hopper. Moreover, the data are not selected at 
random, but according to circumSances which are forced upon the 
anthropologist rather than contrived by him. Anthropological 
informants, of which we do not use very many, are not a random 
sample of any population. Rather, they are carefully selected and 
carefully trained individuals, and the characteristics (accuracy, 
intelligence, articulacy, special interests, special social status, etc.) 
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which make a mau a good informant are not statistically normal in 
any population. Moreover, the selection is performed by the in- 
fonnants at least as much as by the anthropologist. The man who 
is in some way deviant, psychologically, sexually, physically, or by 
social experience, is more likely to want to talk to the anthropologist, 
and is likely to withstand such interviews with a miirimum of boredom. 
The normal, non-deviant individual rarely, if ever, becomes a regular 
informant.* 

The fact that our data are not suitable for statistical analysis means 
that they must be handled in other ways. This can be done, just 
because the unit datum is so complex. It is not necessary to dis- 
cover hundreds of specimens of Archaeopteryx lithographica, in order 
to satisfy the scientific world that this creature existed and had a 
number of pbylogenetically significant features. The existing samples, 
consisting of one nearly perfect skeleton, one imperfect skeleton, and 
one single feather, are more than sufficient, simply because an Arch- 
aeopteryx skeleton is a complex object. In the same way, the data 
of the cultural anthropologist, if they are a valid base for theory, are 
so because they are complex. “This given complex pattern of events 
occurred”; and this unique occurrence is one of the bricks which must 
form the material for our theoretical constructions. 

This peculiarity of our data, like the unreliability of verbal state- 
ments, is a factor which must limit our hypotheses. Neither the 
sin^e Archaeopteryx, nor any number of single specimens of different 
species, would suffice to demonstrate whether evolution is a con- 
tinuous or discontinuous process, nor to answer the many sorts of 
questions which can only be answered by statistical analysis of random 
or representative samples. Similarly, anthropological data will not 
suffice to test hypotheses which would require statistical validation, 
and we must, therefore, avoid hypotheses of t hi s kind. Ideally, we 
should concentrate upon those hypotheses of which it may be ex- 
pected that the single exception will disprove the rule. 

Within the limitations outlined above, cultural anthropologists have 
a vast mass of objective data, directly relevant to sex. We cannot 
report, of course, anything about frequency or characteristics of 
“normal” sexual intercourse, because such behavior is only accessible 
to observation imder circumstances so exceptional as to preclude use 
of the term, normal, e.g., copulation on orgiastic occasions, or specially 


* There is some variation among cultures in this respect. Among the latmul, 
where verbal articulacy is highly developed, my Informants were certainly more 
culturally normal than among the Balinese, where verbal skill is rare. 
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staged for the observer and distorted by his presence, or included in 
traditional dramatic performances. 

On the other hand, we have a large mass of information about 
native notions and psychological attitudes towards sex beha\ior, and 
we have information about how these various native attitudes and 
notions compare, and fit in, with other ideas w^hich the same natives 
have on other subjects, such as achievement, sadism, humor, prestige, 
caste, etc. We know a great deal about the stylization of the differ- 
ences between the sexes, and the roles of the tw-o sexes in daily life and 
parenthood. We have collected hundreds of fantasies about copula- 
tion, love, homosexuality, incest, and so on. Then again, w'e have a 
mass of information on the economic aspects of sex beha\dor: dowries, 
bride prices, affinal exchanges, prostitution, etc. And masses of 
gossip about so-and-so’s reputed sexual or courtship behavior, data 
which reflect on the culturally conventional attitudes towards various 
types of sexual normality and abnormality, and data on the sanctions 
which the people carry out (or say that they would cam" out) in 
certain types of deviant circumstances. 

The problem is to introduce theoretical order into this confused 
jumble of data, arbitrarily separated from the remainder of our data 
by their evident relevance to the concept of “sex” which is derived 
from the physiological sphere of relevance. 

Two generalizations can be drawn from all this material: first, that 
cultures differ markedly among themselves and, second, that a high 
degree of consistency obtains among the data on any one culture.* 

These two generalizations suggest that the regularities which occur 
within one societyf are of a different order from those which occur 
within an individual organism, and the matter can, perhaps, best be 
made clear by discussing this difference. If a biologist were allowed 
to make an exhaustive study of several different tissues derived from a 

♦ Operationally, it is probably necessary to define a “culture" as an agsrregate 
of collected objective data of the kinds mentioned above. This definition may 
later be amplified, if necessary, by inclusion of some references to the type of 
order imposed on the data by the scientist. If, however, we limit ourselves to 
the minimum operational definition, the demarcation between one “culture" and 
another will have to be defined in terms of causal integration. If we fall into 
the error of defining this demarcation in terms of homogeneity, saying that cul- 
ture A. shall be separated from culture B if the data included under A differ 
markedly from the data included under B, then we shall have great diflElculty In 
dealing with the differentiation of occupational, age, and sex groupings within 
the single culture. Still more serious, the generalization in the text above will 
be a mere endowing of our data with a characteristic of our own operations. If, 
on the other hand, we delimit our cultures by saying, “Data shall be assigned to 
a single culture so long as causal Interdependence among the data can be recog- 
nized," ignoring for the moment the problem of the delimitation of cultures in 
the time dimension and the related problems of culture contact, we shall, at 
least, postpone these troubles. 

t Operationally, the “society” may be defined as an aggregate of those indi- 
viduals actually mentioned in the data which constitute a single culture, plw 
those others about whom data can be presumed to belong to the same aggregate. 
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single species of animal, and then were presented with another tissue 
differing from all those which he had so far studied, it would be almost 
impossible for him to determine whether this last specimen was or was 
not taken from the same animal species. The cultural anthropologist, 
on the other hand, if presented first with data upon several sorts of 
individuals in a given society, will probably be able to recognize that 
the data referring to other sorts of individuals in that same society do, 
in fact, have that provenience. Moreover, in their attempts to solve 
this problem, the biologist and the anthropologist will look for clues 
of quite different sorts. The biologist will look for characteristics of 
the cells so basic that they persist even through tissue differentiation. 
For example, he may attempt to count the chromosomes. The 
anthropologist, on the other hand, will look first for details of language 
and other very superficial learned characteristics, and if details of this 
sort are not available, he will look for more basic patterns and regu- 
larities which will be diagnostic of the acquired character structure of 
the individuals. It is significant that the biologists talk about 
“differentiation’’ of cells and tissues, while the anthropologists talk 
about the “acculturation” of individuals. The problem stressed by 
the biologist is: “How do genetically similar cells become different one 
from another, and how do they maintain these differences in spite of a 
homogeneous environment internal to the individual organism?” The 
problem for the cultural anthropologist, on the other hand, is: “How do 
individuals, who presumably differ among themselves in innate char- 
acteristics, become similar and remain sufficiently similar to understand 
each other, in spite of very evident differences in individual experience?” 

In fact, to the cultural anthropologist, man appears not mainly as 
a physiological mechanism, nor yet as a creature endowed with 
instinctive urges and innate patterns of response. He appears to us, 
above all, as a creature which learns. The fact of human flexibility 
under environmental experience determines the major focus of our 
scientific attention. 

Let us now return to the problems of “sex.” If learning is the basic 
concept for the cultural anthropologist, then we can take a first step 
in relating “sex” to “culture,” by examining the relations between sex 
and learning, bearing in mind that the phenomena connected with 
learning are to give us the definition of those sorts of regularity and 
homogeneity which we observe to be characteristic of each single 
culture. This definition still remains to be drawn. 

To the anthropologist, it appears that all human sexual behavior 
is, in some degree, learned. The human infant apparently de- 



BATESON: SEX AND CULTURE 


655 


velops, at a very early age, a considerable reflex equipment. Its 
genitalia are erectile in response to various physical stimuli, and this 
tumescence is early associated with specifically interpersonal stimuli. 
This reflex equipment is precocious in the sense that the neural 
connections are present before the infant has the muscular development 
necessary to put the whole mechanism to work. 

In this, there is nothing peculiar about sexuality, and the same sort 
of precocity is recognizable in other sorts of behavior. The infant 
also shows what appear to be inherited reflex arcs for walking, swim- 
ming, arboreal suspension, and balance in an upright posture. For 
all of these activities, it appears that neural connections are estab- 
lished before the muscular development is adequate, and the rudi- 
mentary responses, which indicate the existence of these neural 
connections, fade out. A period of ‘flatency^^ occurs not only in 
regard to sexual, but also locomotor behavior.* 

Now, the crucial question about sexual latency is: “7s it learnedV^ 
Is the change from genital responsiveness to unresponsiveness to be 
ascribed to topological changes in the neural network, induced in that 
network by impulses which pass through it? The obvious alternative 
to such a hypothesis would be to ascribe the change in responsiveness to 
changes in the endocrine system and to hope that a fuller knowledge 
of maturation will enable us to account for these changes in endocrine 
balance without again being pushed back upon a theory of changes in 
the neural network induced by experience.! 

From what little we know, it appears to me that we must assume 
that latency is learned, rather than due to a hypothetical endocrine 
change. The necessary shift in endocrine balance has not been 
observed,^ and it appears, rather, that concentrations of androgens 
and estrogens in children’s urine show a progressive rise through 
childhood to a peak at puberty. Moreover, the hypothesis that 
latency is learned will have the additional recommendation that it can 


* We have, unfortunately, no comparative data about the occurrence of these 
various types of latency in different cultures, where different methods of han- 
dling, carrying, and exercising the baby occur. Even for sexual latency, the 
data are very poor, and it is perfectly possible that, in some cultures, the po- 
tentiality for genital tumescence does not disappear in childhood. It Is, how- 
ever, to be expected that, in all cultures, there is a period during which the child 
ceases to show specifically sexual desires directed towards adults. 

t A third possibility (that all types of latency are due to topological changes 
in the neural network, but that these changes are a function of maturation and 
not brought about by the passage of neural impulses) would also be tenable. 
This hypothesis will, however, difl^er somewhat from conventional notions about 
maturation, in that it must account for the breaking or inhibition of previously 
existing arcs. 

* Xireustadt, B., ft A. ICyerson. Quantitative sex hormone studies in hompsezt^- 

ity, childhood, and various neuropsychiatrio disturbances. Am. J. Psychiat. 9Ts 
542-551. 1940. 
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be applied not only to sexual but also to locomotor latency, for which 
an endocrine theory can less readily be imagined. 

Granting that learning probably plays a part in causing latency, the 
next question must be: “What are the stimuli or contexts which 
determine this learning?” Here we know, from anthropological data, 
that marked differences exist between cultures. In American and 
'R-ngh'fih cultures, we know that, among adults, even the notion of 
infantile sexuality is strongly resisted; masturbation of the child by 
parents or nurses is strongly deprecated (and, therefore, probably 
accompanied by guilt reactions on the part of the adult, when it 
occurs) ; and masturbatory behavior on the part of the child is sharply 
discouraged. Therefore, for these cultures, we must expect that 
latency will be induced not only by experience of own muscular 
insufficiency, but also by positive extinction or inhibition of tumes- 
cence. In sharp contrast to this, we know of cultures in which mas- 
turbation of the child by the parent is common and not deprecated. 
Even among these cultures, we may expect sharp differences which 
will be significant for the character formation of the child. The 
reason given by Italian peasants for this masturbation of the child is 
“to put it to sleep”, and we may presume that, in Italy, the child is 
given some sort of sexual climajc or other satisfactory experience. 
In Bali, on the other hand, our observations show that the child is not 
given satisfaction and, instead of going to sleep, becomes more restive. 
Indeed, from the mother’s evident enjoyment both of the baby’s 
responsiveness and of the temper tantrum which often follows, it 
would appear that the purpose of the masturbation is rather to wake 
it up. It is easy tg see that the Anglo-Saxon and Balinese systems of 
handling may induce latency, though very different types of latency 
in the two areas. What sort of latency, if any, is induced by the 
Italian system, is not so clear. 

These contrasts indicate very clearly that the social contexts which 
accompany the onset of latency are important for sexual learning. 
They may deteimine the individual’s attitude towards sexual behavior 
and the part which these behaviors will play in his character. The 
matter becomes still more complex when we go on to consider the 
culturally stylized sexual play, masturbation, and courtship behaviors 
of the latency period, and the rewards and punishments which deter- 
mine the role of these behaviors in the individual’s character. These 
experiences will label the sexual patterns as safe or dangerous, approved 
or disapproved, as important sources of self-esteem and prestige, or as 
important sources of sensual pleasure. 
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Still later, the onset of puberty can be seen as a further set of learnin g 
and character-forming contexts, and the problems are analogous to 
those which we discussed in connection with latency. Here, the case 
for ascribing the change in responsiveness to endocrine factors is 
perhaps a little stronger, but it is possible that the importance of these 
factors has been exaggerated. There are, in addition, a host of 
interpersonal and social factors which push the individual into puberty. 
The sexual initiative of other persons; the value which the individual 
himself has been trained to place upon sexual adequacy and sexual 
conformity; his desire to acquire the respect of his fellows of the same 
sex and of possible sexual partners; all of these, in addition to his 
endocrines, may push him towards puberty. Further, the psychology 
of that puberty, when attained, will be determined by the specific 
qualities of the latency which has been broken down, and by the 
dynamics of the beginning of puberty. The individual who is pushed 
into active sexual life, by his physiological needs, at a period when he 
still feels that social pressures are on the side of latency, will learn 
something very different from what is learned by^the individual who 
enters upon sexuality in an attempt to conform to social pressures 
before he is driven to this by physiological need. 

The role played by sexual behavior and experience in determining 
character structure, and the inverse role of experience in determining 
sexual behavior, could be elaborated almost ad infinitum. To relate 
human sexual behavior to learning is easy, though at every turn we 
come upon new problems and new h3rpotheses requiring data for their 
verification. However, there is still another order of hypothesis 
which must be considered before we can be said to have related sexual 
behavior to culture. 

It was suggested, above, that the data on a given culture show an 
internal regularity, or consistency, not simply deducible from the 
operation which we performed in defining the limits of the sm^e 
culture in terms of causal interdependence of all events within this 
margin. We noted, also, that there is a contrast between physiology 
and cultural anthropology in that, though both sciences deal with 
spheres of relevance definable in terms of causal interdependence of 
events within the sphere, the physiologist is preoccupied with differ- 
entiation, while the anthropologist is preoccupied with acculturation. 
Our next step will be to define more sharply these regularities within 
the single culture, and to relate them to the theory of learning. 

What has so far been said about learning could be deduced from 
any learning theory, such as that of as^dation, which will describe 
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learning as the setting-up of a classification of perceived objects and 
events, linked to a classification of responses and to a rudimentary 
linear value s3"stem which will discriminate the pleasant from the 
unpleasant. Such a s^^stem will, for example, account for the simple 
forms of sexual symbolism. Balinese carvings, for instance, illustrate 
a large number of tj^’pes of symbolic distortion of the human body. 
The breasts maj’’ be equated with buttocks; the head may be equated 
with male genitalia; the mouth ma}’’ be equated with the vulva; and 
so on.* All of these distortions can be seen as due to simple 
associational learning. 

We find, however, in our cultural data, something more than this. 
If we take the data from a given culture and sort them by subject 
matter, putting all the data which refer to sex in one heap, the data 
referiing to initiation in another, the data referring to death in another, 
and so on, w’e get a verj" remai’kable result.^ We find that similar 
t^'pes of order are recognizable in every heap. We find that, whether 
we are looking at the sex data, or the initiation data, or the death data, 
the sj’stem of classification of perceived objects and events (the eidoa 
of the culture) is still the same. Similarly, if we analyze the heaps 
of data to obtain the system of linked responses and values (the etho^) 
of the culture, we find that the ethos is the same in each heap. 
Briefl}', it is as if the same sort of person had devised the data in all 
the heaps. 

Two ob\dous h^Tpotheses which might account for this finding can, 
I believe, be ruled out. We cannot assume that these ethological and 
eidological regularities are simply due to innate human character- 
istics, because very different kinds of ethos and eidos have been 
analyzed out of different cultures. And we cannot sa^^ that the 
ethological and eidological uniformities are due to the uniform working 
of peculiarities of the mind of the analyst, because in different cultures 
the same analj-st obtains different results. 

It would, I believe, be impossible to deduce these results, the 
uniformitj" within one culture and the contrast between cultures, 
from the simple associational learning theory from which we started.! 

However, these ethological and eidological uniformities within the 
single culture, and the corresponding contrasts between cultures, are 

* Specimens of these carvings, collected by the writer, were exhibited at the 
conference. The collection of about 1200 carvings has been deposited at the 
American Museum of Natural History, New Yorl^ N. T. 

J The logical proof of this assertion is, however, beyond my powers, and prob- 
y not feasible until the concepts of etdos and ethos and, indeed, the whcue of 
ffestait psychology have been much more critically defined than is possible today. 

^Bateson, O. Naven. Cambridge University Press. 1936. (This book is an 
experiment m analyzing a New Guinea culture, on these lines.) 
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precisely what we would expect if, in addition to the processes post- 
ulated in simple learning, there is a carry-over from learning in one 
context which will influence later behavior in quite different contexts. 
Various theories of this type have been put forward®'^'® and, in 
general, the experimental findings indicate that some such postulate 
may be necessary even at the animal level. At the human level, 
the carry-over from one context to others can be demonstrated in the 
phenomena of ‘ 'transfer’’ of learning, and especially in the experimental 
increase in learning proficiency from one context to another of similar 
formal structure.® 

Such a postulated carry-over from one context of learning to 
another will give us a theoretical system which will permit us to speak 
of changes in character, instead of limiting us to the mere addition or 
subtraction of associational links. We can very easily" see how such a 
theory would give precision to qualities of the order of "op timis m,” 
“pessimism,” "fatalism,” "initiative,” "level of aspiration,” and the 
like, and lead us to expect that qualities of this sort, learned by 
experience in one sort of context, will be carried over into other con- 
texts of very various types. This, I suggest, is the explanation of 
the ethological and eidological uniformities characteristic of each 
human culture. 

We are driven, I believe, to conclude that what is learned in con- 
texts associated with sex will be carried over into contexts associated 
with quite different spheres of life — ^initiation, death, trade, etc. — 
and that, vice versa, what is learned in these other contexts will be 
carried over into specifically sexual life. 

Such a conclusion will reduce the title of the present paper to 
nonsense, by indicating that sex is scarcely a useful concept for the 
analysis of human cultures; a conclusion which was foreshadowed in 
our a priori metascientific examination of any attempt to relate 
phenomena in the physiological sphere of relevance to phenomena in 
the cultural sphere. 

Our excumion into theory has not, however, been fruitless, because 
it has lent anthropological support to a type of h}T)othesis connected 
with learning, and this type of hypothesis is such that it can be tested 

•Prank, at. 33:. The problems of learning. Psych. Rev. 33: 329-351. 1926. 

^Maler, XT. B. P. The behavior mechanism concerned with problem solving. 
Psych. Rev. 47: 43-68. 1940. 

•Bateson, O. Comment on K. SSead’s The Comparative Study of Culture and 
the Purposive Cultivation of Democratic Values. In: Science, Philosophy, and 
Religion, 2nd Symposium. New York, N, Y. 1942. ^ . 

® Boll, C. lifathematlcal-Deductive Theory of Rote Learning. Tale Un^ersity 
Press. 1940. (This book gives experimental curves for Increase in proficiency 
in rote learning, but does not deduce this increase from a postulate system.) 
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and made more precise by further anthropological work, and by 
laboratory experiments. In addition, we have demonstrated that, in 
the psychological analysis of anthropological data, it is not useful to 
classy these data according to the sorts of physiological need to 
which they appear relevant. It is, however, very rewarding to 
classify these data according to the formal characteristics of the 
contexts of behavior. It is important to note that the Balinese baby 
is subjected to the same formal sequence, both when the mother 
refuses to respond to its temper tantrum and when she cheats it of 
sexual climax, and that the mother’s behavior in both these contexts 
is an effect of her own past character-formation, as determined by 
experiences similar to those to which she is now subjecting the child. 
From such a beginning, we can go on to look at other types of Balinese 
data, and recognize that the same formal sequence recurs in certain 
ceremonials in which yoimg men attack a masked figure representing 
the Witch. They are powerless against her, and fall into a state of 
disassociation in which they symbolically turn their a^ession against 
themselves, thus achieving an introverted climax.* 

From such a systematic analysis of the contexts of learning and the 
native interpretations of context which are implicit in cultural data, 
we may hope to build a formal science of culture. 


* For photographs of the ceremonial, see Bateson, ft BC. Mead. Balinese 
Character, a Photographic Analysis. Special Pub., No. 3, N. T. Acad. Set 1942. 



GENERAL DISCUSSION 


Dr. Lawrence S. Kubie {College of Physicians <Ss Surgeons. Columbia University, New 
York,N.Y.): 

Even if Dr. Kinsey’s report did nothing more than place the facts of infantile 
sexuality on an unquestionable statistical basis, it would be a major contribution to our 
understan^g of human development and human culture. Psychiat^^ and psy- 
chology will ^ways be in his debt for this. I only v^dsh that some scientific Supreme 
Court could order certain reluctant psychiatrists to listen to the recital of these 
facts, every morning, for a month, ana perhaps again before they go to bed at n^ht. 

In a parenthetical remark of Dr. Kinsey’s, there is an implication from which I 
would dis^nt. He implied that, when any behavior pattern is widespread among 
human beings, we need not undertake any “complicated analjrtical exi)lanations” 
of it. I am sure that, on further thought, Dr. Kinsey will agree that this is not true. 
The physiologist does not feel that he does not have to explam the mechanism of the 
heartbeat merely because eveiybody’s heart beats. Nor does the epidemiologist 
dismiss the problem of the common cold merely because everybody catches colds. 
Universality is not synonymous with normality; and our obligation to explain every 
variation of sexual conduct, whether heterosexual, homosexual, or any other form, 
is not lessen^ in any w-ay by the fact that every form of sexual behavior is widespread. 

Perhaps, it is worth while to emphasize here the fact that a great deal of the con- 
troversy about analysis, and much of the resistance and hostility to it, has arisen 
because Freud recogniz^ the universality of deviant sexual impulses even in those 
w’ho give to these deviant impulses no open expression. Certain aspects of analysis 
stand or fall on the validity of the hypotnesia that deviant instinctuJd tendencies are 
present, in latent forms, m every human being, derived from the polymorphous 
infantile sexuality whose existence Freud postulated, and Kinsey has demonstrated, 
so brilliantly. 

Freud rdated these basic observations to the development of the neurosis, in- 
dicating that it was the conflict between latent trends and the forces opposing these 
trends that splits the personality asunder and leads to psychopatholop". It some- 
times seems to me that Freud and our analytical colleagues occasionally forget the 
importance of the conflicts, and speak or write as though it were the latent trend 
wmch is itself abnormal and pathogenic. I believe that it would help to bring into 
harmony the formulations of the biologist and of the psychoanalyst, if we could 
agree that it is never the deviant drive, as such, which is abnormal, but rather the 
conflict w’hich arises out of it, and the compulsive and obligato^^ qu^ty which maj' 
attach itself to the drive. An obsessional furor can attach itself to heterose:pal 
activity just as readily as to masturbation or to homosexuality or any deviant 
forms of sexual conduct. It is the development of this obsessional furor, plus the 
phobic exclusion of alternative outlets, which is the mark of abnormality, rather than 
any specific pattern of sexual behavior. 

For these reasons, it would add immensely to the value of the observations made 
by Dr. Kinsey if we could know- more about the psychological and psychopathological 
setting of these various forms of sexual behavior. To tms end, it would be essen^ 
to gatner statistically adequate random samples of each form of sexi^ behavior, 
and that these samples be studied intensively ^ individual psychiatric interviews 
and by a battery of p^chodiagnostic t^ts.* This, in turn, would lead to much 
additional information as to the vray in w'hieh the same individu^ handle instinc- 
tual processes other than sex, particularly those having to do with food and fimd 
intake, with excretion, with exercise and deep. The addition of such information 
as this would be of great importance for the knowledge of human nature. 


* XCarrower, M. S., ft B. S. Steinar. Iiarge-Scale Rorschach Techniques; 419. 
C. C. Thomas, Springmeld, III. 1945. ^ ^ 

Bapaport, Bavld. Diagnostic Psychological Testing 1: 574; 2: 516. Year Book 
Publishing Co., Chicago. 1946. 
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Dr. Eilhard von Domarus {New York, N. F.): 

In Dr. Kinsey's excellent presentation of man’s sexual life, little, if anything, has 
been said about the influence of different hereditary backgrounds. Assuming that 
there are, for instance, cases of homosexuality primarily determined by environ- 
mental factors, such as of a boy expected to behave like a girl, there appear to be 
cases where no such environmental factors can be detect^ and the homosexual 
conditioning appears primarily, if not exclusively, due to a specific sex behavior 
determining chromosomal influence. In the latter case, no approval or disapproval 
of society would be of causative significance. Dr. Kinsey’s opinion, with his wide 
experience in this field, would be extremely valuable. 

Dr. Joseph K. Folsom (Department of Economics, Sociology, and Anthropology, Vassar 
College, Poughkeepsie, N. F.) : 

Having followed some of the details of Dr. Eansey’s study, I am inclined to a^ee 
with him that his results are a fairly accurate picture of the actual behavior of his 
subjects. Those who have had closer contact with the research, or have themselves 
been subjected to it, will better understand what he means by the internal consistency of 
the results and the improbability of any substantial amount of faking. 

Furthermore, I think that it is very important to have the kind of data which Dr. 
Kinsey is providing, even if they are not accompanied by the kind of analysis on the 
attitude level demanded by Dr. Bateson. We have never yet had, anywhere, such a 
volume of material on sex behavior. Most of our data have been gathered through 
questionnaires. This study has the advantage of a well planned, skilful interview 
technique, and the interviewers have been carefully trained. 

Some Question might arise as to whether the selection of the subjects has something 
to do with their personalities and attitudes, even though every socially and externally 
definable t 3 q)e of person is represented in adequate numbers in the sample. Yet, it 
must be noted that many of Dr. Kinsey’s subsamples included practicaUjr the whole 
population of certain groups to which he spoke. Furthermore, even if it were true 
that those who volunteered as subjects for such a research, or attended preliminapr 
meetings where the subject was discussed, have personal behavior characteristics 
different from the average, this would hardly affect the differences which were found 
between different categories of persons. ^Moreover, the total is so lai^e that plenty 
of any given type of person can to found in it, and there is abundant opportumty for 
checkiiig suspected biases. Many of the subjects were picked up, of course, by 
casual individual contacts. 

From the b^inr^g, I wished that Dr. Kinsey might secure more data of the 
attitude type, and it appears that his study has already moved considerably in this 
direction. I hope that, eventually, he may classify ana compare his cases, not only 
by mechanical categories of age, sex, education, etc., but by cultural categories 
w’hich the anthropologist has found significant. For example, what are the char- 
acteristics of Itauans, of members of very liberal, rel^ous or other ideological 
groups, of persons who belong to the upper class according to Warner’s community 
and prestige definitions, not merely according to mechamcal definitions of wealth, 
educational level, etc.? 

I am inclined to think that, in the wealth of data that Dr. Kinsey will eventually 
have, there will be found answers to most of the questions which the anthropologist 
might ask. 1 hope that all these questions will be e.xplored, or the data macm avail- 
abfe to the anthropological, culture-and-personality schools, which indeed possess 
unique and valuable concepts which shotald be used in the analysis. 

Dr. George R. Bach (Psychological Clinic, Kent State University, Kent, Ohio) : 




difi&culties involved in the interviewing of young children on sexual experiences and 
attitudes. I should think Ihat the use of standardized projective doll play tech- 
niques, such ^ were used in recently published experiments by me, by Dr. Sears 
and his associates at Iowa University, and by Dr. Conn, should hdlp to overcome 
this difilcully in future research. 



GENERAL DIBCUSSIOK 


Some of the results obtained this technique are pertinent to the present 
discussion. About o per cent of experimentally instigated doll play fantasi^ of 
normally adjusted children, ages three to eight, have ob'vdous sexual connotations, 
even when the experimental situation is kept entirely free from sugge^'tions or ques- 
tions on the part of the psychologist. This is the average figure, the range being 
from 0 per cent to about 15 per cent. The percentage of sexual fantasies appears to 
increase with decrease in mental age, w'hen chronological age is held constant. .\lso 
of interest to this discussion, is the ^ding of very definite sex differences in the doll 
play fantasies of children. Boj’s show a greater percentage of sexual and other 
“ta1x)o fantasies” than do girls, whose fantasies, althoiigh more numerous, have a 
greater percentage of stereotypj" and propriety. This difference is noticeable at the 
age of tnr^ and seems to lie maintained until early adolescence, beyond which we 
have not as yet used this technique. ^ ^ i i i 

I am inclined to explain these very marked sex differences in terms of early cultural 
sex-typing and principles of social learning: in other words, cultural influences, such 
as were brought to our attention by Dr. Bateson’s paper. 

Mr. Amram Scheinfeld {New York, N, T.): 

With regard to the reference just made by Dr. Bach to studies of sex difference in 
projective doll play, it happens that, by coincidence, a copy of one of these studie 
was sent to me today, ana I have it with me. A statement in this paper is of special 
significance here, because it emphasizes so strikingly the tendency, in recent years, 
to assume t^t w'here we find early sex differences in behavior or r^ormance, they 
can hardly be otherwise but culturally or environmentally conditioned. I 
now from the study mentioned, by Rntler, Phillips, and Sears, of the low'a Child 
Wdfare Research Station:* 

“In two recent studies of projective behavior in pre-school children, one . . . on 
doll play and the other ... on Rorschach, indications of sex difference have 
been found. This has two important implications. First, the clinical mter- 
pretation of such behavior must be based on intrasex comp^ons; the per- 
formance must be viewed against the normative background of the cMd s own 
sex rather than against that of all children. Second, newr search must be 
made for the cultural factors that are presumably responsible for sex (Merentia- 
tion. If marked differences are found as early as ages three and it suggests 
that rather powerful influences must be at w’ork from an extraordinarily early 
age.” 

Note those last two sentences. Here, quite plainly, is e^ddence of the bias 
has colored so many similar studies, the assumption, a priori, that ‘cultural factors 
are “presumably responsible” for the sex differentiation. And yet, at th^ conierenw, 
we have had considerable evidence of biological factors governing sex differe^es in 
behavior in lower animals, suggesting the possibility that sex ^erences m be^vior 
among human beings might also, at least in part, be influenced by biological fact (^. 

ui^oubtedly, a great deal of good has come out of the clarification of the important 
part plaved by environment and conditio n i n g in the differentiation of beha^or m 
the human sexes. Nevertheless, I caimot help but feel there is ^^^d fc^J 
more objective and less prejudiced approach than w’^e have had m the study oi tne 
causative factors for these cufferences, ix>th among children and adults. 


Dr. Emily Hartshome Mudd {Marriage Council Philadelphia, Pennsylvania): 

It is well knowm to all of us that Dr. Kinsey has stated that he do^ no coupling 
and takes no responsibility in aiding in problems of sexual or m^tal adjusto^, 
during his interviews for his fact-finding survey on human s^ behavuor. Un 
othShand, those of us w’ho function in the coui^ling area i^ve met with van^ 
repercussions among individuals who have been interviewed by Dr. Ku^y or ms 
associates. Such individuals are often helped in adjustment, while sometimes they 


*Pl3itler, Margamt H., Buth PMUips, & Bobart B. 

e projective doll play of pre-school children. J. Psychol. 21. i3-80. 1946. 


the 
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are quite upset. Further discussion, with a trained person, of the reactions of such 
persons, when negative after being mterviewed for Dr. Kinsey’s study, often helps to 
alleviate difficulties. It is my feeling, and that of other professional persons with 
whom I have discussed this matter, that no scientist can completely disclaim re- 
sponsibility for the results of his work. This point has been amply illustrated in 
the recent discovery of the atom bomb. It seepos to many of us that, during inter- 
views requested by Dr. Kinsey for the collection of his material, other processes, 
usually of therapeutic value, inevitably take place. Dr. Kinsey might have some 
suggestions to offer to those of us who are involved in further interpretation of the 
repercussions of his work. 

Dr. Bela Mittelmann (ComeU UnwersUy Medical College^ New York, N, Y.) : 

The statistical and the psychopatholoeical and case history approach complement 
each other. However, in some ways, they present contradictions and problems in 
methodolo^. Dr. ffinsey’s approach is^ essentially, a statistical one. He surveys 
the population and finds a series of gradations, and also a universal or almost universal 
occurrence of phenomena. He considers all of them as normal variations. Dr. 
Herman presents the point that the phenomena observed in sick patients, particularly 
if those phenomena appear and disappear with illness, are to be considered patho- 
logical. Or, if those phenomena, bemg present, distress the patient, and disappear 
as a result of treatment, those phenomena are also to be consider^ pathological. 

Now, the phenomena with which the statistical approach and the psychopatho- 
logical and case history approach deal, overlap to a considerable extent. I m^ht 
give two examples. One is partial or complete frigidity in women. The statistical 
approach finds a veiy h^ percentage of it in the general population. It is not an 
uncommon observation that a woman who comes for treatment^ let us say because 
of anxiety attacks, or because of depressive reactions or obsessional thoughts, and 
who also is unable to reach orgasm during intercourse, loses her obvious psycho- 
pathological symptoms in the course of psychoanalytic treatment and also develops 
the abihty to reach orgasm, or finds it easier to reach one, and thus the frequency of 
her orgasm increases. The reverse may happen in the case of very freouent and 
promiscuous relations. In the course of treatment^ the level of sexual drive may 
diminish^ £md orgasm is reached during each activity, but the frequency of inter- 
course diminishes. One could make a construction about the first example that the 
individual is anxiety- and guilt-ridden, with undercurrent hostilily, and therefore 
incapable of adequate sex relations. The second type of individud constantly has 
to prove his worth and ability of performance, and also utilizes sex relations to aUay 
discomforts from other sources, such as disappointment, hurt self-esteem, and guilt. 

There is no doubt that both methods of approach are essentially valid. However, 
no ad^uate synthesis of the two types of results has, as yet, b^n achieved. The 
statistical approach can be erroneous, because it does not look to the question of 
constellation and causation. Every individual has had occasional attacks of common 
cold, and most people have one or two attacks a year. Yet, there can be no question 
that the coi^on cold is a pathological state. Or, in some geographical regions, the 
majority of individuals suner from pdlaj^, which obviously does not make pellagra 
a normal phenomenon. The patholo^cal and case history approach may err in 
that they consider most of the phenomena occurring in the sick individual as patho- 
logioal. A comparison with broad distribution of phenomena may be lacking. The 
ultimate synthesis may be achieved by extensive and detailed individual studies, 
approaching the scale at which Dr. Kinsey is aiming. 
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INTRODUCTION TO THE CONFERENCE 

By Alexander Sandow 

Washington Squat e College of Aits and Science, Kevo YoiL L'nnet^ily, 

Xew Yoik, *V. r. 

In welcoming you to this conference, my function is made particu- 
larly pleasant by the presence of so many scientific colleagues from 
abroad. Science, in its essence, is international and, although its 
local expression may be a product of prevailing social development and 
need, the exchange of information and the resultant stimulation of new 
work, which are the life blood of science, transcend national boundaries. 
With the return to a world of peace, it is heartening to witness here a 
step toward the restoration to normal vigor of the pulse of international 
scientific exchange. On behalf of The New York Academy of riciencea, 
I therefore warmly welcome to this conference our colleagues from 
foreign lands: from France, England, China, Belgium, and New Zea- 
land, from Germany, Hungary, Latin America, and Spain; and I ex- 
press the earnest desire that our deliberations will not only further 
science, but also help in cementing unbreakably our ties of interna- 
tional amity. 

The investigation of muscular contraction has, perhaps, no com- 
petitor for its preeminent position as the crossroads of the many vari- 
ous active disciplines that comprise biologj". Here we find studies of 
structure: gross, microscopic, and especially today, ultramicroscopic : 
and of function in its many subdivisions, such as permeability, metab- 
olism in all its chemical and thermodynamic aspects, bioelectricity, 
secretion — recalling the behavior of the neuromuscular junction, re- 
ceptor function — as at the muscle spindle, and, of course, above all 
functions, because most pertinent and fascinating, contractility itself. 
Moreover, in all these biological pursuits, a most powerful motivating 
role is played by the methods of the chemist, the physicist, and the 
mathematician. 

There is no doubt that many of these currents of muscle study have 
richly developed. Yet, generally speaking, there has been among them 
a provoking lack of integration. These individual lines of research 
have coursed through their subject, but they have hardly fused into a 
common trend of progress. Striking limited exceptions to this state 
of affairs come to mind. We have the notable attempt of the Meyer- 
hof-Hill school to connect the chemical and the heat changes, and that 
of the Fenn-Hill investigations to relate the mechanical and the heat 
outputs of muscular activity. But these syntheses, important as they 

( 667 ) 
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are, have been concerned essentially with a kind of thermodynamic 
cost-accounting of contractile activity, and they have contributed only 
little to the elucidation of the basic molecular mechanism of the mus- 
cular response. 

Thus, for example, we are in practically complete ignorance of the 
chain of events that links stimulation, whether by way of the nervous 
impulse or the direct electric shock, to the contractile machine. Our 
close friends, the nerve physiologists, in their own conference spon- 
sored by The New York Academy of Sciences ,* amply demonstrated the 
great strides they have made in exposing the detailed processes bound 
up with the formation and conduction of the nerve action potential. 
But, as nerve physiologists, their main concern lies in the events along 
the nerve fiber and the evidently similar changes at the fiber termina- 
tions. The muscle physiologist, however, must go much further Not 
only is he interested in the muscle action potential — ^with which, inci- 
dentally, he has done little — but he would like to know how the action 
potential excites contraction. His questions concerning this problem 
are, at present, answered mainly by a tantalizing void. 

Another instance of our lack of knowledge is found in the key prob- 
lem of the mechanical changes themselves, and the word 'changes' is 
used advisedly, for it is now increasingly clear that we have to account 
for relaxation of a muscle as well as contraction. We know that the 
fibrcFus protein, myosin, or some complex involving myosin, is the 
contractile material. In the last analysis, this is the fundamental mus- 
cle machine that undergoes mechanical change. Obviously, great ad- 
vances have been made in the clarification of the structure and certain 
phases of the elastic behavior of this substance. The techniques of 
protein chemical, and physico-chemical analysis, the methods involving 
polarized li^t, x-ray, and electron-beam probes, and the comparisons 
of myosin with rubber and with biological fibrous materials in gen- 
eral, have all yielded valuable information. Nevertheless, at present, 
we have only speculation regarding even the composition of the con- 
tractile unit, let alone the means by which these units shorten and relax. 

Other hiatuses in oxir knowledge of muscular motion might be men- 
tioned, but it is time we turned to a brighter aspect of our subj ect. It had 
long been the dream of muscle physiologists especially to discover the 
link that connects the mechanical machine of muscle with the chemical 
cycles that supply the energy for its activity. The search for this link 
became all the more pressing as many investigations indicated that 

♦ See “The Physico-Chemical Mechanism of Nerve Acti\’1ty,“ by David Nach- 
mansohn et a/. Ann. N. Y. Acad. Sci. 47(4). 
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myosin was the machine and adenosinetriphosphate (ATP) its imme- 
diate source of energy. Now, in the finding of Engelhardt that myosin 
ejctracts have adenosinetriphosphatase activity, the basis for the eluci- 
dation of that coupling seems to have been determined. Although there 
ai-e indications that myosin is not itself adenosinetriphosphatase, it is 
clear that, in the live muscle, the enzyme ATP-ase is exceedingly closely 
associated with myosin, probably in the form of an adsorption complex. 
It is not clear what this may mean for the view, originally presented by 
Engelhardt, that myosin is actively, i.e., enzymatically, involved in the 
hydrolysis of ATP. But the studies of Engelhardt with myosin 
threads, of the Needham group with myosin micellae, and of the Szent- 
Gyorgyi school with actomyosin complexes leave no doubt that myosin 
is mechanically affected when it is in the presence of ATP that is un- 
dergoing enzymatic decomposition. In this interaction, we are thus 
dealing with a true mcchano-chemical coupling, for the result of the 
process is not only that adenosinetriphosphate breaks down, but also 
that myosin is altered mechanically. Thus, this enzymatic activity 
obviously provides a sound basis for clarification of many problems 
of muscular activity, certainly those having to do with the direct ener- 
gization of myosin for its ultimate contractile activity. Dr. Fenn, in 
his recent review of contractility in Dr. Hober’s book. Physical Chem- 
istry of Cells and Tissues, having in mind especially the work of Meyer 
and Astbury and their followers, speaks of the present as the “myosin 
era.” However, in view of the new work flowing from Engelhardt’s 
discovery, I suggest that we are now in the “myosin-adenosinetriphos- 
phatase” era. 

Be that as it may, the disclosure of the mechano-chemical coupling 
of myosin and ATP presents us with a host of new problems. I indi- 
cated earlier how disconnected were the several lines of progress in the 
study of contraction. Now that mechanics and chemistry have come 
together, they have done so in a head-on collision, and the immediate 
effect of this is that of any collision — ^we are presented with a be- 
wildering, but highly suggestive, miscellany that we must assemble and 
integrate into a harmonious whole. 

Undoubtedly, one of the most urgent tasks before us is to determine 
whether the mechano-chemical coupling of ATP and myosin occurs 
concurrently with shortening, or during some part of the recovery from 
shortening, for example during post-contractile relaxation. In the first 
case, myosin at rest is in a state of low potential energy, and the ex- 
citatory process acts to cause it and ATP to interact, so that it is ener- 
^ed for contraction. In the second case, the recovery processes have 
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eaergized myosin and, at rest, it is in a state of high potential energy. 
When excitation occurs, this energy is explosively liberated, and thus 
contraction occurs. Evidence may be mustered in support of each of 
these hypotheses, but, at present, a decision in favor of either to the 
exclusion of the other is impossible. 

I wish to discuss, however, several of the more general features of 
this problem that may be of some value in guiding our thought and re- 
search on, at least, the question of the temporal aspects of mechano- 
chemical coupling. It is interesting to note that the general alterna- 
tive as to whether contraction or relaxation is the active, i.e., energiz- 
ing, phase of muscular activity, has a long history. Hermann in his 
Handbuch der Physiologie, published in 1879 (Bd. 1, pp. 249-260), 
lists references as early as 1832 which contain speculations concerned 
with this point. The modem discussion on this issue begins with the 
observation of Eenn, in 1924, of the shortening heat — ^the Fenn effect — 
which indicates a contraction coupling, and is continued, by means of 
different approaches, by Ritchie, in 1933, and Kalckar, in 1941, which 
suggest relaxation coupling. 

‘ The terminology introduced by Ritchie requires special discussion. 
I We need not be concerned with his conclusions, since they were based 
on the assumption that the initial reaction in the chemical cycle is the 
breakdown of creatinephosphate, which is not consonant with present 
evidence.) Ritchie distinguished the two hypotheses presented above 
by means of the terms. Chemical Theory, for energization concurrent 
with conti’action, and Physical Theory, for energization during relaxa- 
tion. It seems to me that these designations, or any variant of them, 
such as “chemical activation” or “physical activation,’’ should be dis- 
carded. Pai-ticularly in the molecular realm of interest to the biologist, 
the distinction between the physical and the chemical is so blurred 
that it becomes quite meaningless. Above all would this seem to be 
tme in the beha-sdor of enzymes and, as indicated by Bernal, of the con- 
tractile material in w’hich the key reactions may be topochemical, that 
is, “reactions in which one of the reagents is not a free molecule, but a 
radical bound in a fixed position on a chain molecule.” Thus, when- 
ever myosin is energized, the process mi^t still be chemical, in the 
topochemical sense. It seems, further, that at least now, when we are 
ignorant of the detailed molecular processes involved in the mechano- 
chemistry of myosin, our terms should emphasize the phenomenologi- 
cal features that are more directly observable. Tlius, the question re- 
duces to the following: Is myosin energized for contraction during the 
engendering of its contractile activity, or during recovery therefrom? 
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I therefore submit the suggestion that the alternative types of energi- 
zation of myosin be relerred to, respectively, as activity energization 
and recovery energization; or, if we wish to emphasize that, in some 
way, a coupling of myosin and ATP is involved in the energization 
process, the terms for adoption be activity coupling and recovery 
coupling. 

Another term that should be examined is activation. This term has, 
of course, a quite precise meaning in the theoiy" of chemical reaction. 
But it has been used in the literature of muscle physiology to designate 
what may be described as the mechanism immediately following excita- 
tion that sets off the contractile response, as, for example, in reference 
to Brown's alpha process. It may be well to retain this physiological 
conception of activation, but then it should be noted that activation of 
contraction must occur irrespective of whether activity or recovery 
energization is tiTie. For, if the latter holds in actuality, something 
must occur to cause the liberation of the energy stored in the mj^osin. 
Or, if activity energization is the real process, then there must be some 
process that permits the previously non-interacting myosin and ATP 
to interact. In either case, the loosely speaking “tripping-off” action 
would be designated activation. Thus, activation would refer to some 
process that temporally intervenes between excitation and contraction, 
and, generally speaking, it might be distinct from the direct transfer 
of energy to myosin. 

On the other hand, it may be desirable to use the word, activation^ 
in the sense of its precise meaning in chemical reaction theory. Then, 
whenever myosin is raised to a higher level of potential energy, it un- 
dergoes activation, and thus we might distinguish between acthity and 
recovery energization by means, respectively, of the terms activity acti- 
vation and recovery activation. If this kind of terminology be prefer- 
able, then the physiological application of the word, activation, should 
be dropped, and some other term suggested. It may be noted, however, 
that, in the case of myosin energized concurrently with the initiation of 
conti'action, the possibility exists that what we referred to before as 
physiological activation may have its molecular basis in chemical re- 
action activation. 

It is of interest to discuss whether relaxation follovdng shortening is 
active or passive. The general viewpoint, expressed, for example, in Dr. 
Fenn's review, is that, if energization of myosin does not occur during 
the relaxation period, then relaxation is passive. This is not neces- 
sarily so. For, even if activity energization occurs, relaxation may 
still be not passive, in that it depends on some chemical change asso- 
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ciated with myosin that is relaxing. From what is known of relaxa- 
tion heat, it would seem likely that this reaction is not exergonic, or only 
slightly so. However, it may be that some thermoneutral reaction is in- 
volved in relaxation, such as the dismutation of adenosinediphosphate 
to ATP and adenylic acid, or ADP + creatinephosphate ATP + 
creatine. Nor must the possibility be ignored that, while energy is 
needed for relaxation, it need not be stored in the contractile substance 
for subsequent contraction. 

Finally, it should be pointed out that, in the discussion above, an 
cither-or attitude to the question of activity versus recovery energiza- 
tion has been adopted. The facts of the matter may not justify this 
stand. On a priori grounds, it seems just as reasonable to presume that 
another possibility exists, namely, energization during both activity 
and recovery periods. 

I have gone into considerable detail in regard to the general questions 
of mechano-chemical coupling, since, as will be seen in the ensuing 
papers, muscle physiology is becoming increasingly concerned with this 
new and outstanding problem. Furthermore, clarification of termi- 
nology" in this field is necessary, since that which has sprung up is varied 
and inconsistent. Certainly, one purpose of a conference such as ours 
should be the establishment of some common ground concerning at 
least the basic problems that confront us. Even standardization of 
terminology will help in achieving a unified viewpoint. 

Although mechano-chemical coupling is a recurrent topic in a good 
many of the papers of this conference, and it is, fm-thermore, the sub- 
ject of the entire part IV, other main fields of muscle study, dynamics 
(including electrodynamics), ultrastructme, and the chemistry of re- 
coveiy are discussed in corresponding separate parts. It is to be 
hoped that our conference will serve not only to advance these various 
phases of the study of muscle, but that our mutual efforts will also re- 
sult in some degree of fusion of these rather disparate lines of research 
into a coordinated attempt to elucidate the fundamental mechanism 
of contraction. Such a development has been greatly facilitated 
through the sponsorship of this conference by The New York Academy 
of Sciences. It is a pleasure to acknowledge our indebtedness to the 
Academy, and to thank it and its various w"orkers for all that has been 
done to bring us together to discuss and forward our knowledge of mus- 
cular activity. Finally, I wish to extend personal thanks to Doctors 
Brown, Meyerhof, Ochoa, and Schmitt, whose suggestions and advice 
were invaluable in the general work of organizing the program of the 
conference. 
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DYNAMICS OF SINGLE MUSCLE FIBERS 

By Robert W. Ramsey 
Medical College of Virginia, Richmond, Virginia 

In this paper, it ij- not proposed to give a r&ume of all the diverse 
phenomena that now have been investigated on single muscle fibers. 
Instead, some of the simple mechanical properties of uninjured single 
muscle fibeis, in both the resting state and the state of maintained ac- 
tivity (tetanus), will be discussed from the point of view of the in- 
fluence of the results on current concepts of the muscle machine and its 
energetic cycle, A moie complete and exact discussion was published 
elsewhere.^ To a large extent, therefore, discussion of the events be- 
tween the application of a stimulus and the initiation of contraction 
will be omitted. 

It is generally acknowledged that myosin forms the structural basis 
of the muscle machine, and that it is closely linked to a chemical re- 
action that involves a large energy turnover (the breakdown of adeno- 
sinetriphosphate).^ The precise manner of shortening of this protein, 
whether it is accomplished at the expense of an increase of its entropy 
or a decrease in its internal energy, and the cycle of the energetic 
changes, are all matters of dispute for which the mechanics and dy- 
namics observed in single muscle fibers have something to offer. 

One simple mechanical fact that necessarily is involved in discus- 
sions of latency relaxation, birefringence, the kind of machine (entropy 
or internal energy) , release of resting energy, and so forth, is that of 
the resting tension exhibited on stretch of a single muscle fiber. Is 
the equilibrium resting tension due to the muscle substance or to the 
sarcolemma? Three independent studies germane to this question are 
those of Sichel,® Asmussen,^ and Ramsey and Street.®*® Buchthars" 
unsound reasoning on this question will not be discussed. All four in- 
vestigators would probably agree that, for small stretches, an intact 
fiber obeys Hooke’s Law (as Sichel originally claimed), but that for 
greater stretches this is no longer true. Sichel maintains that much or 
most of this resting tension is due to tension exerted by the muscle 
substance, whereas Ramsey and Street believe they have demonstrated 
that most of the resting tension is due to the sarcolemma (Asmussen 
did not measure the tension of the sarcolemma alone \ . Though these 
results appear irreconcilable, they may not be, if the experimental con- 
ditions of each investigator are considered. Ramsey and Street inves- 

(e75) 
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tigated intact fibers and then later the sarcolemma of the same fibers, 
over a considerable range of stretches (rest length to twice rest length) . 
For large stretches, the tensions existing were of the order of a hundred 
milligrams or more. They were registered by optical magnification of 
a relatively stiff quartz cantilever. The limiting factor in the accuracy 
of their measurements was the Imear measurement of the magnified 
excursion of the lever. For a 100 milligram load, the magnified image 
of this excursion was of the order of 10 centimeters and was read to 
an estimated half a millimeter. At high loads (100 milligrams or 
more), the accuracy was at least within 1 per cent, but at low loads of 
the order of 6 milligrams, the error could be as much as a milligram or 
a percentage error of 20 per cent. With these limitations, it was found 
that the resting tension of a single muscle fiber was entirely due to the 
sarcolemma, since any contribution made by the muscle could not have 
exceeded a tension of a milligram. Since such a fiber can develop 
100-300 milligrams of tension on stimulation, this small possible resting 
tension of muscle substance was felt to be quite unimportant. 

To return to Sichel’s experiments. He used pieces of fiber impaled 
by two glass needles and studied the forces over very short ranges of 
stretch. If it is assumed that part of his results can be explained by 
tearing of the sarcolemma by the needles that impaled it, his results 
can be reconciled to those of Ramsey and Street. Therefore, one would 
conclude, a very minute tension can be exhibited by muscle substance 
when it is stretched. 

Is this possible very small resting tension sufiBcient to account for 
the muscle’s thermoelastic behavior, or for the great release of meta- 
bolic energy^' or pH change,*® on stretch of a resting muscle? I, per- 
sonally, doubt it, and feel that the phenomena must be related to factors 
other than that of tension. Since length is the other common factor, 
it is reasonable to inquire- what other changes mi^t be associated with 
length. 

If I may be allowed to indulge in a little pure speculation, certain 
possibilities may be entertained. Consider the matter of the large in- 
crease in resting oxygen consumption observed when a muscle is 
stretched.®' ® There is a considerable body of evidence that suggests 
that the magnitude of the membrane potential may control the oxygen 
consumption of a tissue (for discussion of this point, cf. Blair**). 
Moreover, Blair*® has shown that, from an electrical point of view, the 
muscle membrane may be considered as a condenser shunted by a re- 
sistance, and has suggested that, probably, the product of the capacity 
times the resistance (cr) remains constant on sketch of the fiber.*® If 



RAMSEY; SINGLE MUSCLE FIBERS 


677 


so, the membrane potential will fall until recharged by the increased 
outward diffusion of potassium which is a consequence of the reduced 
resistance. In a quick stretch, the fall may be sufficient to account 
for mechanical stimulation. In a slow stretch, the metabolic systems 
may be thrown into gear by the falling membrane potential or possibly 
by the increased outward diffusion of potassium. 

What sort of data are available to test this possibility? Hegnauer, 
Fenn, and Cobb^’* measured the oxygen consumption of muscle in dif- 
ferent KCl concentrations, and separately measured the fall in injurj* 
potential at the same concentrations. From these data, the resting 
oxygen consumption can be related to the membrane potential. From 
Blair’s hypothesis, the membrane potential can be calculated for any 
length of the muscle, assuming that it is not restored. From the data 
of Meyerhof, Gemmill, and Benetato'* on the oxygen consumption at 
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different lengths, the resting oxygen consumption can be related to the 
length of tlie muscle. From Blair’s hypothesis, and Hegnauer, Fenn, 
and Cobb’s^'* data, let us calculate what the oxygen consumption should 
be at different lengths of the muscle, and check this theoretical line 
with Meyerhof’s data (see piutjbb 11 When this is done, the agree- 
ment is sufficiently close to justify some consideration of the hypothesis. 
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As another example of more or less pure speculation, one may at- 
tempt to rationalize the pH changes undergone on stretching the muscle. 
According to Dubuisson,^® stretch of a resting muscle results in an in- 
crease in alkalinity. 

Suppose that the muscle membrane has a certain number of fixed 
anionic charges, so that the pH of the surface differs from that of the 
exterior by a given amount.^° Moreover, assume that a similar situa- 
tion exists with respect to the myosin itself. Now if, for any reason 
such as steric factors or lipoid barriers, these anions could not be dis- 
charged, then about them would be a field of cations such as hydrogen 
ion. In general, the strength of this field would be greatly influenced 
by the nearness of the anionic charges to one another (though I am 
not enough of a physical chemist to give formal expression as to how 
this would vary) . 

At all events, suppose that a protein fiber, having fixed anionic 
charges on its surface which could not combine with, but could attract, 
hydrogen ions within their sphere of action, were suddenly stretched. 
Under these conditions, an electrode sensitive to hydrogen ions applied 
to the surface of the fiber and of limited area would indicate an in- 
creased alkalinity of the surface, provided that the charges always 
stayed on the surface fi.e., could not move into the interior of the 
fiber) . Conversely, on shortening, the electrode should indicate a de- 
crease in pH. In principle, this is similar to the assumption Dubuis- 
son^° made, that the isoelectric point of the myosin is a function of the 
length. It might be expected that a molecular electrode, such as a 
redox enzyme attached to the surface of the fiber, would undergo the 
same pH changes, and thereby influence the rates of oxidative reactions. 

If, at its rest-length, it is assumed that the pH of the surface is 0.2 
of a pH unit more acid than the bulk phase, then the change in surface 
pH with change in length of the fiber can be calculated as it is stretched 
or shortened from the relation: 






Surface area at Lo 
Surface area at L ’ 


0 ) 


where (H+)i = hydrogen ion concentration of surface at length L, 

(H+)zo = hydrogen ion concentration of surface at rest-length 
Lo. 


Since the surface area is proportional to the square root of tlie length 
of the fiber, equation 1 reduces to: 

Vl 


( 2 ) 
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On the stretched side, the pH change calculated from equation 2 can 
be checked against the data of Dubuisson,^^ and as figure 2 shows, 
there is reasonable agreement. It should be noted that the highest in- 
stantaneous values of the pH change Dubuis&on found were used in 
FIGURE 2. If the means between the instantaneous and equilibrium 
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pH changes were used, a somewhat better fit to the theoretical would 
be obtained. On the shortened side, the pH dropte rapidly with short- 
ening and approaches a pH of 6.4 for the greatest possible shortenings 
of a single muscle fiber, as shovTi in figure 3. 

If this speculation is at all valid, it might provide another possible 
mechanism whereby a physical change in length of the muscle is en- 
abled to control the rate of release of energetic reactions, since, with 
respect to oxidative enzymes fixed to the same surface, their potential 
will be influenced by the pH changes 

Another study of the mechanical properties of muscle that has been 
extended by work on single muscle fibers, has been the establishment of 
the range and shape of the noniial length-tension developed diagram 
for tetanicaliy stimulated fibers. Ramsey and Street^ showed that a 
single muscle fiber developed maximum tension at the rest length 1 100 
per cent), and developed tension reversibly over a range of lengths 
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Figure 8.^ Ordinates: pH of surface of muacle. Abscissa: length of musde in per cent of rest 
length. Solid line: theoretical line calculated from equation 2. Symbols as in figure 2. 


from 67-70 per cent to 200 per cent of rest length.* Further, they 
found that, if the muscle fiber shortened more than about 30 per cent, 
there T^^as a striking change in properties of the fiber (the delta state) . 
For convenience, therefore, the normal reversible range will be dis- 
cussed under the title, ^^Normal length-tension diagram/^ and the delta 
state phenomena under the title, ^^The delta state length-tension dia- 
gram” 


NORMAL LENGTH-TENSION DEVELOPED DIAGRAM 

Ramsey and Street found that the normal length-tension diagram of 
single muscle fibers was remarkably constant over a wide variety of 
conditions. The diagram was the same, irrespective of temperature, 
size of fiber, amount of previous activity, or season of the year at 
which the muscles were studied. With this constancy, it is reasonable 
to try to fit an equation to the data. Using the criteria required to 
judge the soundness of length -tension experiments. Ramsey^ concluded 
that the best existing data for both whole muscle and single muscle 
fibers gave a length-tension diagi-am that could be best represented by 
two intersecting straight lines for the normal reversible range of 


* Buc htl i a V has recently investigated the loi^th tension diagram of single muscle fibers. In spite 
devoting 18 pages to a description of the precision of his apparatus for obtainii^ absolute meas- 
urements, he fails to gi\e anywhere any absolute figures for the tension developed at rest length. 
From one graph and some ot the context of the paper, it would appear that the absolute tensions 
wera so low that he must have been dealing with injure fibers. Buclithal quotes Aamusaeii^^ as 
having investigated the le^th tez^on diagram. If this work was done on single muscle fibers, it 
would antedate ours. I missed this paper before, but wish to call it to attention, since it was not 
listed in the bibliography' of our earlier paper. 
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Figube 4. Ordinates: force per unit cross-sectiunal area in arbitiary units. Abscihsa: length of 
muscle in per cent of rest length. Solid line: theoretical force length relation calculated from 
EQUATION 3. Sj'mbols: hve independent set«4 of data obtained by Miosesr ft Straat on single 
muscle fibers. 


lengths. Unfoi*tunately, few such data exist, and if the attempt is made 
to contrast the length-tension diagi’am of skeletal muscle with cardiac 
muscle, the agreement is only good if the comparison is made with the 
length-tension diagram of an average experiment. Accordingly, all 
of the experiments of Ramsey and Street were lumped together, and 
an average diagram determined. When the tensions are converted to 
terms of force per unit area, the data of the normal diagram may be 
expressed in the form of the following equation: 

Fw - F = fc(Lm - L)K (3) 

Here Fm = maximum force per unit area; 

Lm = length at which the maximum force is exerted; 

F = force per unit area at length L: 
k = constant of proportionality. 

This equation quite reasonably encompasses the single muscle fiber 
data, as shown in figure 4, and that of whole muscle as well. 

It was of interest to see if cardiac muscle obeyed the same relation. 
Several sets of suitable data were available in the literature (Doi^^ 
and Segall and Anrep^® on the frog heart, and Kozawa’s^® data on the 
tortoise heart). In all of these experiments, the results were recorded 
in terms of the isometric pressure developed by the ventricle at various 
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ventricular fillinp. Here, the length of the heart muscle was calcu- 
lated on the assumption that the contained volume was spherical in 
shape, while the tension was calculated from the relation between 


pressure and tension in the walls of a sphere of radius R ^ 

The rest-length was assumed to be that length that developed maxi- 
mum tension. With these assumptions, it was found that the heart 
data fitted the average skeletal muscle diagram extremely well, as 
shown in fiqube 5. It also indicated that, normally, the greatest re- 
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Figure 5. Ordinates* tension m per cent of ma\imum tension at rest length. Solid line: theo- 
retical tension-length relation calciiated from the force-length rdation to equation 3. Symbols: 
\aiious heart muscle data. 


versible dilation of the heart is reached when the cardiac fibers are at 
their rest length and exerting maximum tension, for a further increase 
in length resulted in irreversible loss of tension or return. 

Thus, the normal length-tension diagram has great constancy of 
shape and considerable generality.* Accordingly^, any theory of ac- 
tion of the muscle machine must satisfactorily account for this basic 
mechanical datum. The constancy of the length-tension diagram un- 
der all conditions would be expected, if the energetic cycle were such 
that contraction was accomplished at the expense of energy stored 
previously in the structure to a saturation point, and that energy from 
accessory chemical stores restored the system. It is, however, hard to 
believe that this constancy would be expected if chemical energy had 

• Kouseliolder, A.. S., (Bull. Math. Biophys. 7: 5. 1946) has contributed a theo- 

retical discussion of the length tension diagram. 
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to be continuously supplied to the structure during contraction. All 
the complicated kinetics would have to be so ordered that the equilib- 
rium points were the same, irrespective of marked changes of tempera- 
ture, previous activity, and other varied conditions. It is possible that 
matters are so ordered, but proponents of the chemical activation 
theory must give quantitative expression to the length-tension diagram 
before their views have complete validity". 

The normal length-tension diagram, obviously, is of direct concern 
in any discussion of the molecular basis by which the myosin shortens. 
In the published literature dealing with molecular structure, a physiol- 
ogist is hard put to discover, in the diverse proposals advanced by the 
protein chemists, simple quantitative conclusions that can be tested on 
living muscle. In this respect, the best of them is that advanced in 
the numerous papers of Astbury and his collaborators.^® Astburj^ 
suggests that the myosin of muscle at its rest length is in a half-folded 
{a) form; that, on shortening, this form is converted to a super-con- 
tracted form, with a decrease of length from 30 to 40 per cent of the 
original length ; that, on stretch of the muscle, myosin is converted to 
yS myosin, the conversion presumabl}- being complete when the muscle 
is stretched to twice its rest length. There is little doubt, therefore, 
that the physiological range of tension development is at least con- 
sonant with Astbury’s ^dews. Moreover, Astbury implies that there 
is some peculiarity of structure when isolated myosin has super-con- 
tracted some 30 or 40 per cent, since the P x-ray pattern again appears, 
and this is also the region where single muscle fibers undergo marked 
changes in properties. 

DELTA STATE LENGTH-TENSION DEVELOPED DIAGRAM 

The characteristic of the normal fiber that significantly distinguishes 
it from the delta state fiber is that, upon cessation of the stimulus, the 
normal fiber actively relaxes, whereas the delta state fiber remains 
shortened at whatever length it has shortened to.^^ In other words, 
the property of active relaxation is abolished. It is a very striking 
change, and occurs wherever the fiber shortens more than about a 
third of its resting length. The change is permanent and is accom- 
panied by other changes of perhaps equal significance. One of these 
is that the delta state fiber only develops half or less of the maximum 
tension that it could before. Another is that it has a new tension 
developed diagram whose range is now from 20-30 per cent of the 
original resting length ilOO per cent) to 200 per cent. The return 
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length-tension developed diagram from extended lengths shows enor- 
mous hysteresis, as is evident in piguee 7. On re-extension, a curve is 
obtained that approximates the first. 

In the delta state, the length-tension diagrams are relatively poorly 
reproducible on repetition, but invariably more symmetrical when 
obtained as the fiber is being extended than when it is being shortened 
If the results for the two best sets of data are utilized, and their ten- 
sions at each length converted to forces per unit area, an approxima- 
tion to the shape of the diagram is obtained wdth the same formula that 
holds for the normal, namely: 

Fm - F =- k{Lm - L)^ (4j 

where, if both equations have been put in terms of percentage of their 
own maximal tension, the constant, k, for the delta state, has about 
two-thirds the value of that for the normal fiber. One such set of 
data is shown in figure 6, in relation to a line calculated from equa- 
tion 4. 



FiQUBE 6 Delta state diagiam Ordmateb force pei unit crobs-aectional area m arbitral? 
units Abscissa length in per cent of rest length Solid line calculated from F = Fm — A.(L» 
— If)® Inhere Pm =101, A = 0 0106 Lm =■ 112 Circle^ single muscle fiber data (April 11). 


The delta state has many obvious points of resemblance to con- 
tractures and to smooth muscle. In all three, when shortening is ex- 
tensive, it is very slow. (Even at rest length, the rate of development 
of tension of the delta state is much slower than in the normal fiber.® 
All are characterized either by failure to relax spontaneously, or else 
very slow relaxation. Chemical contractures in single muscle fibers 
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(.KCl, caffeine) develop, at their maximum, 25 to 50 per cent of full 
isometric tetanus tension, just as does the delta state, but, except for 
acetylcholine, they are not in our experience ever reversible, and the 
fiber is always permanently damaged. The greatest estimate of the 
force per unit cross-section developed by smooth muscles is of the 
order of ^ that of normal skeletal muscle^ and thus of an order 
of magnitude similar to the delta state. Moreover, both the delta 
state and smooth muscle show the marked hysteresis in their length 
tension curves when the data are taken by shortening from an ex- 
tended position, as is well shown in figxjbe 7. 

HYSTERESIS IN TENSION DEVELOPED 



Figubb 7. H\8teresis m tenbion dev doped for a bingle mubcle hba* m the ddta state and smooth 
muscle Ordinates tension in per cent of maximum at rest length. Abscissa length m per cent 
of rest length Solid Ime: tension dev doped on stimulation by a skeletal musde fiber m the 
delta state at vanous lengths upon extending the fiber from its shortest length llie dotted Ime 
represents the tensions developed at various lengths as the fiber shortens from its most extended 
position Open and «ioIid circles similar ^‘up ' and “back** data on the reti actor penis muscle 
of the dog from Winton’s-* papei 

The hysteresis of the delta state fiber is due to the following phe- 
nomena. TVTien an unstimulated extended single muscle fiber is 
slacked off, it does not immediately take up all of the possible slack, 
but requires considerable time to reach equilibrium length. Upon 
stimulation, any of the slack remaining is immediately taken up at 
the point stimulated and is not distributed over the whole fiber, be- 
cause the latency between excitation and contraction at a point is 
much shorter than the conduction time along the fiber. As a result, 
the cathodal region of the fiber is greatly shortened and the remainder 
not. In a normal muscle fiber, this shortened region would actively 
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relax upon cessation of stimulation, but in a delta state fiber it stays 
shortened. Each time a delta state fiber is slacked off and then 
stimulated, the shortened region increases in extent. With tivis in- 
crease of the shortened region, there is a correspondingly greater de- 
crease of tension than would have occurred if the fiber were every- 
where of uniform dimensions. The result is an enormous amount 
of hysteresis in the tension developed curves, on return from an ex- 
tended length. It seems altogether probable that the same type of 
explanation applies to the hysteresis observed in smooth muscle. 

It was, thus, of interest to compare the length-tension diagrams for 
smooth muscle with that of the delta state. Several sets of data on 
smooth muscle taken from the literature are compared, the data of 
Brockelhurst*' obtained on cat ileum, and those of Winton“ on the 
retractor penis of the dog and the guinea-pig uterus. In all these sets 
of data, the only assumption made was that the length at which the 
muscle developed maximum tension was equivalent to the rest lengtii. 



FiGTTBB 8. Ordinates* force per unit cross-sectional area. Abscissa: length of muscle in per 
cent of rest length. Symbols, data of smgle mubole fiber m the delta state, and data obtained on 
smooth muscles. Solid Ime. theoretical force-leigth relation calculated from equation of pigpbe 6. 

The above data are plotted in figure 8, and it is clear that the smooth 
muscle data are as close to the delta state diagrams as they are to 
each other, or as any two delta state diagrams are to each other. 
Considering the varied diflSculties of the experiments, it is reasonable 
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to assume that the delta state of skeletal muscle may be closely akin 
to smooth muscle. If true, it is clear that an understanding of the 
processes involved in the active relaxation of a normal skeletal muscle 
and their failure in the delta state will do much to weld the properties 
of striated and smooth muscle into a graduated continuum. 

In this connection, the recent work of BulP^ is of verj^ great interest. 
Since this will, no doubt, be discussed elsewhere, it will be suflBcient to 
say that Bull has shown that the length-tension diagram of shortening 
muscle is very similar to the stress-strain diagram obtained with rub- 
ber. He shows that, in the greatly shortened region (delta state), the 
curve is fitted by the same equation that obtains for non-crystalline 
rubber, and that the departure from this curve when the normal re- 
versible shortening range of muscle is reached, is similar to the de- 
parture of the stress-strain diagram of rubber observed when the 
rubber begins to crystallize. Obviously, Bull’s work opens up a 
number of interesting possibilities. 

TENSION AND RATE OF DEVELOPMENT OF TENSION 

The isometric tetanus tension of single muscle fibers varies little 
with temperature. Dr. BulP® recently analyzed some of our un- 
published experiments, and he informs me that the tetanus tension 
increases about 12 per cent for a 10*^ C. rise in temperature. Accord- 
ing to Dr. Bull, this is consistent with the idea that the muscle is an 
entropy machine. It would be of interest to hear from the physical 
chemists if it is necessarily inconsistent with an internal energy 
machine. 

Dr. Alan Young and I, independently, made numerous attempts to 
derive some system of sensible kinetics that would account for the rate 
of tension development and relaxation in twitches and tetanus records 
obtained from single muscle fibers. As far as I am concerned, I was 
completely unsuccessful. Either twitch or tetanus records could be 
readily fitted by a variety of equations, but attaching any sensible 
meaning to the constants was another matter. 

The diflSculty with the twitch analysis is that, in skeletal muscle, 
the latency between excitation at a point on the fiber and contraction 
of the same region is much shorter than conduction of the impulse 
down the fiber. The result is that the region first stimulated con- 
tracts and stretches, markedly, the part still unexcited. Later, when 
the impulse reaches this region, it starts to shorten and stretch the 
previously shortened region. TiTiile this behavior is best seen in 
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bingle muscle fibers,* it was observed much earlier in whole muscle by 
Fischer.^' Even when the fiber is stimulated in several places simul- 
taneously, the effect is quite prominent, and a little reflection will 
show that the type of equations necessary to deal with such behavior 
falls into the class known as integral equations (which, incidentally, 
are quite beyond the borders of my mathematical competence.) . Re- 
cently, Drs. Gilson, Walker, and Schoepfle®* have approached the 
kinetics of muscle, starting wth the twitch as the basic pattern. Un- 
less the above phenomenon is taken into account, their analysis is not 
likely to be as productive as it might otherwise be. 

The second great difficulty is the enormous change in the kinetics of 
both twitch and tetanus with change of length of the muscle. This 
may not be so apparent in studies of whole muscle, where the range 
of lengths that can be studied is greatly restricted by the connective 
tissue, but is very ob^'ious in single muscle fibers, where this restriction 
is greatly mitigated. 

Since I was unsuccessful in fitting the data by any system of funda- 
mental kinetics, I endeavored to work out the simplest empirical equa- 
tions that would satisfactorily fit the rate of development of tension 
at all lengths of the muscle. The result was as shown previously,^ 
that the rate of development of tension at any length from rest length 
(Lo) to twice rest length was described by the following equation: 

T = r/.[l - Ae-“‘ - (1 - ( 5 ) 

where Tl = maximum tension at length L, 


A = 


2Z/0 “ L 


a and ji3 = constants. 


1 - A = 


L-Lo 
Lo ’ 


At rest length lio), A = 1 and 1 — A = 0 . Therefore, the equation 
becomes: 


T = - e-“0. (6) 

When the muscle is allowed to shorten and then develop tension at 
the shortened length, the rate of development of tension is described by: 


T = Tl {1 - ( 7 ) 

where a continuously decreases with shortening, starting from the 

value at Lo and diminishing to the value j8 at . . With greater 

3 

shortenings (below -5-), a remains approximately constant and equal 
iof. 
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These relations, of course, immediately suggested correlation with 
Astbury's hypothesis. In the detailed analysis ot the assumptions 
necessary for such a correlation, assuming the validity of Astbury’s 
ideas, it was shown^ that the principal ones were: that one must as- 
sume that the strength of the indmdual a myosin links differed from 
one another by a small amount (perhaps because of differing side 
chain linkages) ; that in a polar environment, the weaker myosin l inks 
would unfold to the ^ state before the whole had to be stressed to the 
average critical level; that at twice rest length, and possibly two- 
thirds rest length, all of the myosin was in ^ form. With these as- 
sumptions, a stretched muscle would have some of its myosin in a 
form and some in ^ form, and the proportions of each molecular species 
would be specified by the length. 

In the equations, therefore, if the constant a represents a velocity 
constant for a myosin, and the constant ^ that for p myosin, then 
the coefl&cients A and (1 — A) would specify the proportions of a and 
P myosin, respectively, existing at the extended length. Numerically, 
these coefficients are what would be expected, if Astbury's hypo- 
thesis and the above assumptions are correct. 

As noted above, the rate of development of tension at shortened 

lengths between and Lo can be adequately described by a single 

exponential term whose constant decreases in value with shortening. 
One suspects that, if the data were better, it would be found that, in 
this region, the rate of development of tension was given by the same 
equation as that for the extended lengths, but that the relation of the 
coefficients to length were different. When the fiber is shortened be- 
low the data are poor, but approximately the single exponential 


term has a constant that is equal to 
Summarizing, then, the myosin of muscle might be visualized in the 
following terms: At rest length, it exists in a i^-folded or a state. 
Upon extension, the a. myosin linkj? are extended, one by one, to the ^ 
form, each ha\dng twice the length and half the cross-sectional area 
of an a link, so that, at twice rest length, all of the myosin is in iff form. 
At intermediate lengths, the proportions of a and p are specified by 
the length. A similar situation may be occurring in shortening, re- 
resulting in the conversion of the a myosin again to P form, so that, at 


2Lo 


there are now 3 p links per unit cross-section, instead of the one 


P link at 200 per cent extension. 
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Such a model would very accurately account for the physiological 
data obtained on single muscle fibers. It would account exactly for 
the range of tlie reversible length-tension diagram; it would provide 
a reason for the striking change in properties of a muscle when it 
shortens more than a third of its length; the shape of the length -ten- 
sion diagram Tvould be explained if both an a and myosin link could 
develop tension, but the ^ link could only develop about a tenth that 
of the a; and, finally, it would completely account for the empirical 
kinetics of the rate of development of tension at all lengths of the 
muscle. In general, this e^ddence constitutes rather strong physio- 
logical support for Astbury^s ideas. 

The rate of development of tension, preceding and following pro- 
longed activity, is of some interest in relation to the two hypotheses 
of the energetic cycle. In whole muscle, the rate of development of 
tension immediately following previous prolonged activity is always 
slower than it was before actmty,^® though recently this has been 
questioned.^® On the activity energization hypothesis, this is to be 
expected. But, in single muscle fibers, this slowing never occurs; the 
rate of development of tension immediately after prolonged activity 
is always equal to or faster than what it was before activity; while the 
only result of the previous activity is greatly to prolong relaxation. 
The results on single fibers, therefore, are much more in keeping with 
the recovery energization theory. 

In general, fatigue of the contractile system is never observed in 
single muscle fibers. TMiether the fiber was stimulated directly or in- 
directly tlirough its nerve, the maximum tetanus tension was main- 
tained until excitation failed and the fiber abruptly failed to respond 
or only responded to every second, third, fourth, or other stimulus.®* 
Asmussen’^ found the same phenomenon with indirect stimulation. 
All of the indirect e^ddence obtained on whole muscle is consistent with 
the view that the decrease of tension in fatigue is merely due to the 
fact that fewer muscle fibers are contracting, and the direct evidence 
from single muscle fibers confirms that view. This is another bit of evi- 
dence which is not easy to reconcile with the activity energization 
theory, but would be expected on the recovery theory. 

THE ENERGETIC CYCLE 

In the establishment of an energetic cycle, it is a necessary condi- 
tion for validity to show that the proposed cycle agrees, in respect both 
to order of appearance and magnitude of energy changes, with those 
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exchanges actually observed. In a system of multiple possibilities, 
however, establishment of such agreement cannot be accepted as proof 
of validity, but can only establish the claim that the hypothesis can be 
entertained. In general, the only occasion that will lead to proof of 
validity in such a system is that which arises when failure to close the 
cycle at a particular point leads to predictable physical consequences 
which can be shown do occur. 

There can be little question that the most powerful experimental 
support for the activity energization theory" derives from the phe- 
nomenon now known as the Fenn effect. Deferring consideration 
of this phenomenon for a moment, it is clear that Hill’s success in re- 
lating the mechanical events of muscle contractions to the liberation of 
energy, both in respect to time and magnitude, has gone far towards 
establishing the adequacy of this particular cycle. This formu- 
lation, however, has two principal defects. One is that no limit is 
set to the extent to which a muscle can shorten. In so far as the 
formulation is given, a muscle could always shorten to the same ex- 
tent, in'espective of load, and this is completely incompatible with 
the experimental facts, since a definite length-tension diagram exists. 
The second defect is that, in order to have agreement between the 
energy exchanges and mechanical events, Hill had to assume that, at 
any particular load, the velocity of shortening remained constant, 
irrespective of the extent of shortening. Now it is an experimental 
fact that the velocity of shortening is not constant, irrespective of the 
extent of shortening, but diminishes as shortening proceeds. This is 
clearly evident in Fenn and Marsh's^^ experiments. It is also shown 
well in the records of free shortening of single muscle fibers.® Hills 
assumption, therefore, is only valitl provided the shortening is re- 
stricted and the loads are not too heavy. 

To return to the Fenn effect, if the recovery exchanges are ignored 
for the moment, the extra energy liberated in shortening is equal, or 
very closely equal, to the work done (Fenn,^^ Hill,®® Brown®®) . When 
the muscle exerts tension equal to the load and then begins to sliorten, 
it is the structural basis of the muscle that is bearing the load and 
doing the shortening, and not the accessoiy chemical reactions. It is 
hard to avoid the conclusion, therefore, that it is the particular con- 
figuration of the structure that is governing the energy release and 
that this energj’- release is occurring in point-to-point fashion, as 
shortening proceeds, since the extra energy is so perfectly proportioned 
to the work done. It is diflBcult for me, therefore, to visualize a 
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mechanism whereby the energy released is antecedent to the structural 
change, as it requires to be on the activity activation theory. 

When one tries to reconcile the recovery activation theory with the 
Fenn effect, however, immediate apparent difficulties arise, but these 
difficulties are almost wholly due to the fact that one now tends to 
visualize the activated muscle as a stretched spring having properties 
similar to those in the world of mechanics. The point of importance 
IS that the energj’ dissipated when a stretched spring reaches its 
equilibrium point, is independent of the path by which the equilibrium 
was approached, and that, at equilibrium, the state of the molecules 
composing the spring is everywhere identicaL The conviction of 
some that the Fenn effect can only be explained on the basis of the 
activity energization theory is due, I believe, to the fact that they are 
making the implicit assumption that, if a muscle is exerting the same 
tension at the same length, all of its molecules must necessarily be in 
the same energetic state: that is, the muscle is still being visualized 
as a simple spring, but one whose momentary potential energy is 
governed by the rate at which energy can be poured into it from 
the chemical stores. 

But, if a muscle can exert the same tension with two totally different 
configurations of its molecules, having, therefore, liberated two totally 
different amounts of energy, then the simple spring idea cannot be 
entertained. With its abandonment goes the necessity for using the 
activity activation theory to explain the Fenn effect, since the only 
fundamental phenomenon, the recovery activation theory, requires to 
explain that the Fenn effect is some mechanism whereby the total 
energy liberated in shortening is dependent upon the manner in which 
the shortening takes place. 

As shown pre\dously,^ several simple experiments on single muscle 
fibers show that this requirement is met. For completeness, they will 
be reiterated here. If a single muscle fiber is just stretched between 
supports to its rest length, and is stimulated tetanically, simultaneously 
at several points along its length, it will develop maximum isometric 
tension, and the fiber will everywhere present a uniform appearance. 
Now move the supports nearer to each other by an amount about equal 
to 15 per cent of the rest length. On this occasion, arrange matters 
so that the fiber is only stimulated at one end. The moment stimula- 
tion begins, the end first stimulated shortens enormously and takes up 
all or most of the slack before the farther end begins contracting, so 
that about a third of the fiber is enormously shortened and bulged out, 
while the remainder has about normal rest length diameter. Under 
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these circumstances, the tension registered in the first second or so of 
the tetanus may be almost exactly equal to that registered when the 
fiber was held at rest length. (As the tetanus is continued, the un- 
equal shortening is equalized along the length, and the tension falls 
to the value expected for a shortening of 15 per cent.) Thus, for at 
least a second, there can be no question but that the muscle machine 
exerted the same tension at two totally different configurations of its 
molecules and with the liberation of tw’o totally different amounts of 
energy. By suitably arranging the position and number of electrodes, 
it is possible to have the same fiber shorten to the same extent and 
exert the same tension, but \dsibly have two totally different con- 
figurations: that is, shortening can be even, or a part of the fiber can 
shorten very greatly, leaving the remainder in either a stretched or rest 
length position. Finally, if a fiber held at rest length is stimulated at 
one end, the same sort of process happens, but it is very much reduced 
in extent. In other words, whenever a fiber must first develop tension 
before overall shortening takes place, the effect of the load is to 
equalize the pattern of shortening, irrespective of where the fiber is 
stimulated. The load, therefore, can govern the pattern of shortening 
or configuration of the moUcvXes and, thus, the energy released on a 
purely recovery energization basis. 

Since, on a recovery enerpzation basis, the area of the length-tension 
diagram specifies the total energj’ available, it necessarily must be 
directly related to the rate of the release of energy. In order to relate 
the kinetics to the length-tension diagram. I assumed^ that the velocity 
of shortening at any load was proportional to the distance to which the 
muscle still could shorten, an assumption reasonably justified by the 
experimental facts. If this is granted, I do not believe that the heat 
exchanges offer any impediment to acceptance of the recovery activa- 
tion theory.^ 

Obviously, the above is not a model of the muscle machine, which 
must be left largely in the hands of the physical chemists. It does 
demonstrate, however, that the physiological facts can be interpreted 
on the basis of a recoveiy energization model, just as well as or better 
than on an actmty energization system. 
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THE TIME COURSE OF TENSION DEVELOPMENT 
IN THE MUSCLE RESPONSE 


By A. S. Gilson, Jr, G. M. Schoepfle, and S. M. Walker 

Depaiiment of Phynology, Washington University School of Medicine, 
St. Louis, Missouri 


The time consumed by the single response of a muscle varies greatly 
for different muscles (figure 1). The sartorius muscle of the frog, 
a striated muscle, requires a few hundredths of a second ( ca. 0.04 sec.) 
to attain maximum twitch tension, and a few hundredths more to re- 
turn to resting level. The retractor penis of the turtle, also a striated 
muscle, attains peak tension in a few tenths of a second (0.4 sec.). 
Smooth muscle from the intestine or stomach of the turtle requires 
some 30 seconds to reach peak tension Certain differences in the 
forms of the records obtained from these various muscles will be dis- 
cussed later in this paper, but it is apparent that, if the time scales 
be adjusted, there is striking similarity between the response curves 
of different muscles. 

In an attempt to achieve a more precise description of the twitch 
response to a single stimulation, records of isometric responses of the 
frog sartorius muscle were studied (Gilson, Walker, and Schoepfle, 
1944) . The records were obtained by means of an optical myograph 
and a magnification of movement up to 400x, so that a twitch record 
showing 4 cm, excursion might involve an overall shortening at the 
attachment of the muscle to the level of only 0.1 mm. Selected records 
of the simplest form obtainable showed consistent agreement with 
curves derived from mathematical treatment, using what appeared 
to be reasonable assumptions concerning the processes involved in the 
muscle response. 

For purposes of mathematical treatment, the muscle has been con- 
sidered to be an elastic body having mass and viscosity, attached 
to the spring lever which possesses its own elastic characteristics. 
For the stretched resting muscle, certain balanced forces exist. When 
the stimulated muscle responds and exerts further tension against the 
lever by shortening, however slightly, it does so by development of 
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a force F, The forces existing at any time are described by a linear 
differential equation of the form: 

/Jy. 

^ + ”(« + y) + m - u(b - y) - F = 0, (1) 

where 7n is mass; 

r is the overall damping constant for the system; 

n is the elastic or “stretch’’ constant of the lever; 

s is the displacement of the lever at rest: 

y is the displacement of the end of the muscle; 

u is the muscle stretch constant ; 

b is the strain of the muscle at rest ; and 

F is the active force developed by the responding muscle. 

Now suppose F, the tension developed above resting tension by the 
muscle at any instant, is proportional to Q, the amount of a substance, 
B, in the system 

Z.*i A'o 

A 

where a given amount of *4 is instantaneou«?ly released or made avail- 
able at zero time, and the reactions are apparently of the first order. 
The following equation then results: 

TH § + r ^ + y{n + M) = (2) 

Integration yields an approximate solution for plotting of the form: 

Y = Me-h* - - (J/ ~ (3) 

where 


M = 


C 

— 2uA*i 


R = 


C 

{A'o 2 - 2ak2 + z) 


a 




m 


The displacement-time course of the muscle would thus be described 
by an equation containing three exponential terms, in which two of 
the three time constants are concerned with chemical reactions which 
act as limiting factors in a chain. For the tim’d exponential term, the 
time constant is determined by physical conditions of the system, in- 
cluding damping. 
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An electrical model (figube 2), constructed for convenience in fitting 
curves, was found to yield wave forms which fitted recorded twitch 
curA'es from sartorius muscles as precisely as the method of projection, 
tracing, and plotting permitted. With such a model, making use of 
a condenser-resistance network (figttre 2A), substitution of RiCi for 



Figlbl 2 A and C, deetiical model*! used with cathode laj obciUogiaph for lecoidmg wave 
torms cone&pondmg to theoietical equations for twich and tetanus response, respectively; B and 
D, photographic records made from modd^s \nd indicating the theoretical form of twich and of 
tetanus respon‘'€a respectn eh 


1 kij of R 2 C 2 for l/kzj and of RsCi for 1/a yields an equation for a 
voltage-time curve of the form obtained by plotting from equation 3. 
A fourth exponential term, which might be expected from the form of 
the differential equation, was neglected, on the assumption that the 
^system was operating under conditions close to critical damping. 

With the lever-muscle bystem originally Ubed, there appeared to be 
good agreement between the damping constant of the system deter- 
mined directly and the value for the third exponential constant found 
by empirical curve fitting, this being the one mainly manifest in the 
curves, by its contribution to the foot in the early part of the rise. In 
later experiments, the forms of the foreloaded and afterloaded twitch 
cmwes were compared, since, in the case of the foreloaded response, the 
form of the foot would depend not only upon exponential terms con- 
cerned with \dscosity and inertia, but also upon those governed by 
the position of the tension-producing substance in the chain of chem- 
ical reactions. In the case of the afterloaded response, the foot would 
conceivably involve only the viscosity and inertia factors. For a 
more general treatment tlian that previously used, it was shown 
(Schoepfle and Gilson, 1946) that the balanced forces can be described 
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by a linear differential equation with constant coeflSlcients and of the 
form: 


^ _ 


•— A(„_l) + AnV = F(0- 


(4) 


This yields a general solution: 

Y = D{t) + E{tY (5; 

The order, n, of equation 4 depends upon the number of series springs 
and centered masses involved, increasing as the number of springs 
and masses increases. For the afterloaded response, the function Fit) 
is replaced by Fi(t + t), where t is the time of pick-up. Hence, Y 
becomes Yi and equation 5 becomes; 


Yi = Di{t) + Ei(t -h t). (6) 

Solutions of the equations involve sums of exponential terms, since 
oscillations do not appear. In both instances, foreloaded and after- 
loaded, exponential time constants derived from the left-hand member 
of EQUATION 4 will be identical, though the coefficients will vary, de- 
pending upon the initial conditions at t = 0 and t = r. 

The pronounced difference between semilogarithmic plots for the 
graphically analyzed foot of the isometric twitch record, in the two 
cases, shows that E (t) and Ei(t + r) must involve more than two ex- 
ponential terms if there is to be precise description of the foreloaded 
foot. Hence, F(t) must involve more than two terms. Thus, the 
substance critical for tension development must occur at a position 
later than second in the chain of limiting reactions. Conceivably, one 
or two of the exponential terms in the right-hand member might be 
concerned with diffusion processes. However, the differences between 
the time course of the response of a fast, striated and that of a slow, 
smooth muscle are so tremendous as to throw question upon the im- 
portance of diffusion as an important factor in limiting the speed of 
the response. 

Tension changes occurring during the latent period have been exam- 
ined. The onset of rise of the simple theoretical curve is gradual. 
Nevertheless, with a variety of recording methods, there elapses a time 
approaching a minimum of 3 msec, between the application of a short 
duration shock and the beginning of any recorded tension development. 

With a highly sensitive recording system, such as the piezo-electric 
crystal, the latency relaxation (L. R.), studied by Sandow (1944a), 
may appear. The cause of its appearance may be attributed to fac- 
tors somewhat different from those which Sandow has postulated. 
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The suggebtion has been made (Sclioepfle and Gilson, 1945) that L. R. 
is, in a sense, an artifact due to a fluid wave disturbance set up by the 
mechanical response of the muscle, exerting a force in a direction 
which may be opposite to that of the tension change of the active 
muscle response and propagated at a rate gi*eater than that of the 
spread of muscle activity. This idea is supported by the photographs 
of Bethe and Happel (1923), and Happel (1926). Evidence for such 
a possibility follows: First, if the muscle response is reproducible and 
includes L. R., recorded twitch tension curves, both of L. R. and of 
the positive tension components, should show constancy of form. 
Where L. R. is recorded, its presence introduces a variable and incon- 
stant early region in the tension curve, according to the position of the 
stylus. Second, if a muscle be laid on a glass plate and across it, 
transversely, there be laid the stylus of the crystal recorder, the stimu- 
lating cathode being at another point along the muscle, the record of 
L. R. begins gradually and attains considerable extent, the positive 
limb of the curve being delayed for several tenths of a millisecond. 
If, however, the stylus is made the stimulating cathode, the record 
shows only a slightly earlier onset of L. R., but much less depth of the 
negative wave, combined with an earlier and more abrupt onset of the 
positive phase. These differences are those which should appear if 
the explanation offered here is correct. Third, L. R. was reproduced 
in an inorganic model. A light rubber finger-cot was filled with water 
and suspended by its upper extremity from the stylus of the crystal 
recorder. To the lower extremity there was attached a metal bar. 
If the bar was stmck with a rubber hammer, the record obtained closely 
resembled the L. R. found for muscle. If a metal rod was used as a 
hammer, giving a more sudden impact, the record showed more or less 
tendency to oscillate during the L. R. The overall viscosity of the 
water-filled finger-cot is less than that of muscle, and the tendency to 
oscillate is greater. Otherwise, the L. R. appears similar and to have 
similar origin, namely, the fluid wave disturbance set up by the sudden 
onset of a more or less local mechanical disturbance. Even the use 
of massive electrodes in the attempt to stimulate the entire length of 
the muscle instantaneously, as Sandow has done, fails to make the 
situation clear. Here again, one faces as a fact the beginning of some 
mechanical distm’bance which could set up a fluid pressure wave. The 
sudden stretching of a water-filled finger-cot presents no obvious local 
disturbance, yet a complicated preliminary displacement of the ten- 
sion record is found and may be attributed to a small, localized dis- 
turbance. 
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EFFECT OF CHANGED CONDITIONS UPON THE FORM OF 
THE TWITCH CURVE 

Effect of Initial Tension 

Increase of initial tension has been reported to cause a delay of fall 
from peak tension (Hartree and Hill, 1921 1 . We have obtained rec- 
ords in which a slight effect of this sort is found. On the other hand, 
records have been made with carefully controlled technique, especially 
in summer, in which large increase of resting tension has resulted in no 
change in the form of the recorded curves, if these were plotted to 
give constant height above resting level. This has been the usual re- 
sult in our experiments. 

Effect of Fatigue 

Repeated stimulation of excised frog muscle characteristically causes 
a marked slowing of the twitch response and a diminution of peak 
tension. However, with muscles in good condition, and again espe- 
cially in summer, there may be a pronounced fall of twitch tension in 
the course of a continued series of twitches, with no slowing of the 
twitch response. 

Effect of Shortening 

Since, for small displacements, tension developed can be considered 
as independent of displacement, this approximation was employed in 
the development of equation 2. The effect of significant shortening 
was investigated by use of a torsion wire provided with a long lever 
arm, so that the muscle could be attached close to, or more remote 
from, the axis. Thus, if a constant tension were developed by the 
muscle, the use of the longer lever arm would give greater torque and 
correspondingly greater shortening of the muscle than when a short lever 
arm was employed. The effective stretch constant of the lever (n, 
grams tension per ram. shortening! wuuld, of com’se, be changed. 
Such experiments have not resulted in the finding of significant dif- 
ferences between the rcplotted curves of muscles permitted various 
degrees of shortening. It would be expected that a slight change in 
form of the response curve would be introduced by the change of the 
“stretch constant” for the lever, but this would be slight, and suffi- 
ciently precise reproducibility has not been attained to make it certain 
that such changes were clearly demonstrable. 

Effect of lodoacetate 

It seemed probable that iodoacetate, acting as an inhibitor in the 
transfer of phosphate, might slow the course of the twitch response. 
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No such effect was found. Sandow (1944b j has reported that he finds 
no consistent variation of critical times in records from rested muscle 
soaked in 1:40,000 solutions of iodoacetic acid. Several possible con- 
clusions could be drawn from such results: First, that the iodoacetate 
produces its contracture by causing shortening of the connective tissue 
of the musle. Second, that the action of the iodoacetate is all-or- 
none in nature, so that its action on a given fiber is to produce maxi- 
mal contracture, with no effect on fibers not yet penetrated, this re- 
mainder then contracting as normally. Third, that, as contracture 
develops in a fiber, a part of the contractile substance is removed from 
availability for twitch response, although the time course of the twitch 
yielded by the remainder is unchanged. Fourth, that iodoacetate in- 
hibits reactions which may mediately, but not immediately, be con- 
cerned with the chemistry of tension development. The last two pos- 
sibilities appear to be the more probable at the moment. Recently, Price 
and Schoepfle (personal communication) have found that arsenate and 
fluoride, also inhibitors for the ATP system, produce no change in 
the time course of the twitch of the turtle retractor penis muscle. 

FORM OF THE TETANUS CURVE 

If a muscle be stimulated repeatedly and within a somewhat limited 
frequency range, one obtains the characteristic tetanic response. The 
tension record rises to a level which, for frog muscle, is about twice 
that for the single twitch. A plateau tension level is reached, and 
this is maintained as long as stimulation continues, or until fatigue 
causes a loss of tension. It is convenient, here, to consider that the 
plateau tension remains constant. By a theoretical treatment similar 
to that used for the t\vdtch, a mathematical formulation can be ob- 
tained to describe the form of the tetanus curve to be expected if the 
critical substance which determines tension is supplied, at a constant 
rate, over a period long enough to permit attainment of steady state. 
The equation describing the rise of tetanus tension when stimulation 
begins has the form: 

Y = (7) 

where R = -, - 7,. \ . M = ^ t . x 

— 2afc2 + z) mijz^ — 2 afci + z) 

VT _ ^1 ~ ^2 I 1 
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and *Vi dependfc upon the amount of the initial material in the chem- 
ical chain made available per second. The theoretical curve for the 
tension fall follows an inverse curve, so that records can easily be ob- 
tained by use of an electrical model (figure 2D j . 

Using data obtained from twitches of a frog sartorius preceding or 
tollowing a brief tetanus, it has not been possible to find theoretical 
curves which give good agreement with either the rising or the falling 
phase of tetanus records actually obtained. Because of irregularities 
which seemed to be present in the tetanus curves analyzed by Hartree 
and Hill (1921), an attempt was made to investigate the mechanical 
changes leading to establishment of the tetanus plateau. By an elec- 
tronic control de\dce, muscles were stimulated at various frequencies 
and hy one, two, three, etc., shocks, respectively. Records from 
muscles stimulated at two frequencies, 25 per second and 100 per sec- 
ond, may be considered here. In both cases, the succession of stimuli 
was sufiBciently rapid to give marked summation of successive me- 
chanical responses. The records were photographed, projected, and 
traced. The tension contribution by each shock was then deter- 
mined by graphical subtraction. Using the simple theoretical equa- 
tion for rise of tetanus tension, values were plotted, and yielded equal 
tension-time increments for each unit period of time. The actual ex- 
perimental records showed a first response which was large. Depend- 
ing upon the frequency of stimulation and the condition of the muscle, 
the second, and even the third, responses might be large. Thereafter, 
the increments of response remained of fairly equal size, but were 
much smaller than the initial response increment and, in frog muscle, 
showed a progressive slowing. The actually recorded course of ten- 
sion rise de^iated from the simple theoretical curve in a way to be ex- 
pected from the fact that the muscle does not establish its full tetanus 
tension by continued liberation of response increments as great as 
those of the initial one or two responses. 

The de\’iation from the theoretical curve of the actual course of fall 
from the tetanus plateau, when stimulation ceases, also appears largely 
due to the fact that the tension responses at any frequency of stimu- 
lation are incremental and not continuous in nature, and to the 
changes in the course of the mechanical responses which took place as 
the tetanus continued, the fall from tetanus beginning less promptly 
and proceeding more slowly than would be expected from the measure- 
ment of a twitch elicited shortly before or after the period of tetanus. 
The more closely the twitch follows the tetanus, the better is the 
agreement. In the rat {M. triceps surae ) , the fall from tetanus may 
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be more rapid than would be predicted •from the form of the simple 
twitch, a finding which may be in keeping with the facts that such 
muscles show' a marked potentiation (see Brown and von Euler, 1938) 
and a quickening of the response as the result of a brief tetanus. This 
potentiation has occasionally been observed in frog sartorius prepa- 
rations in oxygenated, well-buffered saline solution. 

CHANGE OF THE TIME COURSE OF THE TWITCH RE- 
SPONSE DURING THE DEVELOPMENT OF FATIGUE, ETC. 

In the preceding discussion of the twitch response, emphasis was 
placed on the stability of the time course of the response, which has 
been present under a variety of experimentally changed conditions. 
Even for the sartorius of the frog, such constancy frequently is lacking. 
For early responses, the curves may show a residual contracture which 
introduces a marked deviation from the simple theoretical curve. 
Tiegel (1876) observed that this phenomenon appeared particularly 
during the latter part of February and through the entire month of 
March. We have obtained a striking example of this in records which 
were taken from an experiment performed November 25th. Fatigue, 
especially in winter animals, usually causes a progressive spreading- 
out of the response curves. Certain poisons, among them caffeine, may 
cause a great change in the time course of the response. 

The change in time course of the response of the frog gastrocnemius 
muscle serves to illustrate the very great change of twitch form which 
may occur. The first response after the muscle is prepared may be a 
quick response, the form of which agrees well with that of the theo- 
retical curve. Thereafter, a progressive spreading-out of the curve 
develops (plate 1). This is paiiiicularly apparent in the slowing of 
the falling phase. Parkinson (1933) concluded that “a highly rested 
condition is imfavorable” to the development of the spreading of the 
curve. Between the crest and that part of the relaxation phase which 
shows an approximately exponential fall, there is a sloping plateau 
terminating in a definite shoulder. The shoulder is renoiniscent of the 
“angle” of Fulton (1925). Cooper and Eccles (1930) have pointed 
out that the form of the euiwes recorded by Fulton was distorted, be- 
cause of friction in the bearing of the torsion lever which he used. 
Nevertheless, it seems probable that the “angle” in many of Fulton’s 
published records is the shoulder referred to here, but exaggerated by 
the lever friction. A sign of the shoulder can often be found very early 
in the course of a fatigue series. A twitch curve of this sort is quite 
different from that postulated as representing the simple theoretical 
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response. A curve of the type described here can be developed from 
the theory, by supposing that formation of precursor substance critical 
for contraction does not take place instantaneously, but that the mate- 
rial is continuously made available, although in somewhat diminishing 
quantities, over a rather extended period. In other words, the tension 
response follows a course resembling that of a brief tetanus compli- 
cated by fatigue. Action potentials recorded from such muscles show 
only a single recorded spike potential, at amplifications considerably 
above that necessary to record the synchronized spike. It appeals 
that there occurs a warming-up process, resulting from actmty of the 
muscle and bringing about a great prolongation of the period of sus- 
tained tension. If the muscle is in poor condition or badly fatigued, 
the shoulder is lost or masked by the slowing-down of the response. 
It was apparently from a muscle of this type (M. seinimernbmnosus 
of the frog) that Tick ( 1882 ) recorded the responses used to illustrate 
his conclusion that, in isometric contraction, the development of tension 
is faster and the crest attained more quickly than is true for the iso- 
tonic contraction. The forms of his records are, in fact, quite as 
should be expected, if one considers inertia and acceleration. The im- 
portant point brought out by such records is that active relaxation be- 
gins at about the same time for the isometric and the isotonic records. 
Although such spreading of the response, as apart from mere slowing, 
seems due to prolongation of tension in a single response of frog 
muscle, mammalian muscles may show a similar form of ‘‘twitch,” due 
to repetitive stimulation ^of the nerv^e) by a single shock. 

DISCUSSION 

As long as our experiments w’-ere limited to “isometric” responses, 
at approximately constant muscle length, the theory presented has 
seemed to be in agreement with the experimental facts observed. 
Without modification, the theory has not provided a description of the 
tension changes which occur when there is a pronounced change of 
muscle length during contraction. Consideration of the distribution 
of the forces acting and reference to the simple stress-strain diagram 
for muscle show that such provision could be made. In the material 
to follow, assumption will be made of the validity of the conclusions 
of Banus and Zetlin (1938), and of Ramsey and Street (1940), that 
the tension contribution of resting muscle is by sarcolemma, connec- 
tive tissue, etc. For active muscle, either at the same or at a shorter 
length, if connective tissue and active muscle substance act in parallel. 
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the tension must be determined by the summed contributions of con- 
nective tissue and of active muscle substance. 

The stress-strain relationships for muscle are diagrammatically rep- 
resented in FiGTJEB 3 as a straight line figure. At first sight, the dia- 
gram appears to be the plot for two elastic or spring systems, one sys- 
tem corresponding to the muscle in its resting state, the other to the 
muscle in its active state This was pointed out, a hundred years ago, 
by Weber (1846). Such a diagram implies that the active muscle is 
less elastic, actually a weaker though shorter spring than the resting 
muscle, so that it shows greater lengthening per unit increase of ten- 
sion. Thus, the added tension contribution by the active muscle sub- 
stance alone is not that of an added parallel spring, but of a material 
or force such that there is plotted a stress-strain curve (line MAN) 
with a negative slope, rather than with the positive slope to be found 
for a true elastic substance. Moreover, the active muscle substance 
either is material having no resistance to stretch at the length deter- 
mined by the point of crossing of the two lines (X) or at this length 
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FiGUBB 3. DiagramxDatio t^osion-length diagram for muscle, drawn as a straight Ime figure. 
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no effective contractile substance is formed, or the diagram does not 
furnish a true description of the elastic conditions. The last situa- 
tion seems to offer at least a partial answer, since the elasticity of 
active muscle can be shown to be the same or nearly the same as that 
of resting muscle at the same tension (Schoepfle and Gilson, 1946). 
This is difficult to understand in terms of a concept of simple axial 
shortening of longitudinal elastic structures which express their ten- 
sion by force applied at the ends of the muscle fibers 
When the muscle responds under experimental conditions which 
permit shortening, the tension developed above resting tension is less 
than that found under isometric conditions. From figure 3, it is seen 
that, if a stretched muscle is stimulated and m responding shortens, its 
final tension must be less than that which would have been attained 
with the same resting length, but with the muscle responding under 
isometric conditions. Under this shortened condition, however, the 
tension contribution by connective tissue, etc., is less than would have 
appeared under the isometric condition. Thus, if the active contrac- 
tile material is exerting a simple axial tension in parallel with the 
connective tissue structures, it must develop, when shortening, not a 
lesser, but a greater effective tension contribution than when response 
occurs under isometric conditions On the other hand, if the primary 
twitch force were exerted laterally and thus effectively in series with 
the connective tissue, a quite different situation would appear 
(Schoepfle and Gilson, 1946). If the stress-strain diagram for rest- 
ing muscle were correctly drawn as a straight line diagram (figure 3) , 
F, the effective active force of the muscle would diminish to reach zero 
at the intersection of the lines for resting and for active muscle, respec- 
tively. If the stress-strain diagram for resting muscle is correctly 
drawn as a curved line, concave upward, and for the active muscle 
as a curved line, concave downward (see Bard^s text, p. 30, or Hill, 
1913b), the detailed relationships would be quite different. If the 
curves had a still more •complicated form, F might even be constant 
at any length of the muscle. Further quantitative data on this sub- 
ject are needed. 


CONCLUSION 

The material presented above has offered a detailed description of 
the course of muscle tension during a response. The theoretical treat- 
ment, largely empirical though it be, has offered a background against 
which it has been possible to examine records from a variety of muscles 



710 


ANNALS NEW YORK ACADEMY OF SCIENCES 


under a variety of conditions. These studies have emphasized the 
constancy of form of the twitch response which may persist, despite 
changes in state of fatigue, of resting tension, and of shortening per- 
mitted during the response. They have also emphasized the general 
similarity of the course of the simple or basic response of a variety of 
muscles, and they have shown that one can recognize as more or less 
separable variables: (1) the tension developed; (2) the quickness of 
the simple contraction and relaxation process; and (3) the duration of 
the response, in a sense essentially that formerly used by Fulton. 
Residual contractures may, perhaps, be differentiated from mere pro- 
longation of the response proper. Distinction must be made between 
those responses which are complicated by processes which arise within 
the muscle as tissue, and those arising within the muscle as organ. 
The retractor penis of the turtle, when freshly prepared, usually shows 
a delayed relaxation which gives a twitch response curve quite dif- 
ferent from theoretical. The phenomenon may be due to a Tiegel 
contracture, but it persists through many more responses than does the 
Tiegel contracture in frog muscle. Such a muscle soaked in Ringer 
solution overnight loses its residual contracture following a twitch, 
and yields a response curve which closely approaches the theoretical 
curve form. The smooth circular muscle of the turtle intestine, when 
freshly prepared, may show a prolongation of contraction similar to 
that described for the frog gastrocnemius (figure 1C). After treat- 
ment with cocaine, the muscle responds to a single stimulus with a 
twitch which is much slower than that for skeletal muscle, but yields 
a curve form close to that expected under the theory (figure ID). 
The change of response, in this case, may be due to the action of the 
cocaine on nervous structures, ratlier than to an action on the muscle 
proper. 

Xo formal attempt has been made to align the theoretical descrip- 
tion outlined above with that of Hill (1938), or to introduce Hill’s 
dynamic constants into our analysis. It is* not impossible that this 
could be done. The final equation developed from such treatment 
would certainly be of a form less simple than either Hill’s equation 
or EQUATION 7 of this paper. Although the Hill equation does not 
yield a close fit to the cun^es of rising tension in tetanus, his treatment 
did not give consideration to the fact that, whatever the rate of stimu- 
lation in tetanus, the curve of rising tension is determined by more 
or less complete fusion of a series of responses to the successive stimuli. 
The first mechanical response in a tetanus is from resting muscle, and 



GILSON ET AL.: TENSION DEVELOPMENT IN MUSCLES 711 

it exceeds in magnitude those responses which follow later. Under 
the theory.’', one might expect the tetanic response to show diminution 
in metabolic turnover per stuniilus, as the frequency is increased, and 
a fairly constant turnover per second, regardless of frequency. That 
this, in fact, is possible, is indicated by the observation of Hill ( 1913a i 
gf an approximate constancy of maintenance heat during tetanus at 
varying frequencies of stimulation. Bronk (1930i more recently 
showed an increase in eflSciency at higher rates of stimulation. Bronk 
worked, however, in the low frequency range, so that his results are 
also consistent with the above postulate. For the case of the twitch, 
the tension-time area, as well as the peak-developed tension, would be 
determined by the effective time constants of the limiting reactions, as 
well as by the amount of substance mobilized, and so would become a 
less direct measm^e of the chemical cost of contraction. Maintenance 
of tetanus plateau tension is, of course, to be thought of as a dynamic 
equilibrium, with the tension remaining constant at the cost of con- 
tinued metabolic activity. 

It does seem probable: (1) that the twitch response is determined 
by the amount available of a critical substance which is formed in a 
series of chain reactions; (2l that the time course of the response, and 
incidentally the tension developed, depend upon the velocity con- 
stants of at least tw’o (and probably more) limiting steps in such a 
chain; (3) that, in tetanus, the limiting factor for maintenance of 
tension is the amount of material per second which is made available 
to this chain series, and that, following the first ver^- few’ responses, 
the amount transferred per stimulus is much less than that made 
available for the resting twdtch; (4) that the stress-strain diagi'am 
for resting and active muscle describes overall performance, but does 
not furnish a true diagi’am of elastic conditions in the tw’o states. 
Since sudden stretch or shortening, during a twdtch, indicates little or 
no change of elasticity at a given tension and little, if any, change in 
viscosity of the muscle ( frog sartorius and turtle retractor penis I , one 
finds serious objections to the concept that muscle contraction is due 
to increased tension of fibrillar material in simple parallel arrange- 
ment wdth sarcolemraa and connective tissue structures. The need 
for some alternative theoiy to explain the development of axial ten- 
sion is indicated. Moreover, the simple theoiy outlined above must 
be modified to include consideration of the changes of axial tensions 
developed at different resting lengths of the muscle. 

Many conclusions explicit in this material and implicit from it must. 
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to have significance, be in accordance with pertinent data obtained in 
physical and chemical experimentation. The future value of this 
analysis must, therefore, depend upon the extent to which it finds ac- 
cord with such experimental material. 
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MUSCULAR CONTRACTION AND 
RUBBERLIKE ELASTICITY 

By Eugene Guth 

Polymer Phybics Laboratory, Vnuei^^ity of Notre Dame, Notre Dame, Indiana 

INTRODUCTION 

The problem of rubberlike elasticity is deeply interconnected with 
all those sciences which make a fundamental inquiry into organic life. 
These sciences are biochemistry, biophysics, physiology, pathology, 
and genetics, and they deal with nerves, muscles, vitamins, proteins, 
and chromosomes. 

Rubber belongs to a class of substances which nature uses as a 
framework for all living things. The similarity between rubber and 
resting muscle has long been recognized. It is well brought out by the 
fact that resting muscle develops heat when stretched rapidly, just as 
rubber does. Of course, the behavior of muscle is, in general, much 
more complicated than that of rubber. Nevertheless, in certain es- 
sential aspects, rubber may be considered as a simple prototype or 
model of muscle. 

From this point of view, the study of rubber may be considered to 
be an important link in the monumental attempt of the human mind 
to unveil the mystery of organic life. In the tree, Hevea brasiliensis, 
nature is the manufacturer of rubber. After the discovery of rubber 
latex and its transformation into solid crude rubber by the colloidal 
process of coagulation, the next important development in rubber 
technology was the discovery of vulcanization by Goodyear. Though 
unknown to Goodyear, vulcanization is an imitation of an artifice of 
nature to preserve an organic material from decay and make it more 
enduring. Wool protein or keratin contains sulfur as a protective 
agent, just as vulcanized rubber does. Consequently, it may last a 
long time after the “crude” fi.e., unprotected) proteins of an animal 
body have disintegrated. The synthesis of rubberlike materials is a 
successful attempt of man to replace nature as a manufacturer of 
rubber or to find substitutes for this material. 

It is of interest to point out that one of the earliest investigators of 
rubber elasticity was a physiologist (Schmulewitsch, 1870). In recent 
years, the quantitative study of muscle has required delicate and ac- 
curate instruments. Work of this type has been carried out chiefly by 
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physiologists with a background in physics and mathematics, like Hill 
and his school. The physics of rubber was studied many years ago 
by Joule, Kelvin, Stefan, Boltzmann and Rontgen. Only recently, 
however, has a satisfactory quantitative theory of the physics of rub- 
ber been developed. This theory, developed by James and Guth, 
gives a quantitative explanation of the long-range elasticity of rubber 
and of its anomalous thermoelastic behavior. A great deal of quanti- 
tative work has been done on the physics of muscle, and only within 
the last few years has the study of the physics of rubber really forged 
ahead. This is partly due to the simpler nature of rubber, as com- 
pared to muscle, and also partly due to the great impetus w^hich the 
study of rubber received during the war, as an important part of the 
war effort. As a result, the physics of rubber may now serve as a 
guide in the development of the physics of muscle. 

The main part of this paper is an account of the present knowledge 
of the elastic properties of rubber. This knowledge will be applied 
to certain aspects of the elastic behavior of the resting muscle. Finally, 
a few comments on certain aspects of the active muscle will be made. 
No attempt has been made to cover the subject completely. Concern- 
ing the behavior of the muscle, references will be made to the other 
papers presented at the conference. Part A of this article deals with 
the steady-state elastic behavior and crystallization of rubber. Part 
B treats, rather briefly, time effects for rubber. Part C deals with 
the resting, and part D with the active muscle. The treatment in 
parts A and B is mostly descriptive. Derivations are deferred to the 
Appendix. 

Literature on the elasticity of rubber is given in articles^* ® up to 
about 1942. Literature on the elasticity of muscle is contained in the 
two recent excellent articles of Ramsey^ and Fenn.® In general, we 
shall give only references which are not contained in the articles just 
mentioned. 


A. RUBBERLIKE ELASTICITY: STEADY STATE 


1. Characteristic Properties of Rubber 
The characteristic properties of rubber are; (a) its long range re- 
versible elasticity; and (b) its anomalous thermoelastic behavior. 
The stress-strain curve for mbber has a peculiar S-shape and hence 


1 Guth, a. “Surface Chemistry.” Publ. No. 21, A.A.A.S. 1948. 

“Guth, B. Alexander’s "Colloid Chemistry." 113. Reinhold. N. T. 1944. 

* Guth, S., B. as. OTameg, & B. Bark. "Advances in Colloid Chemistry." 286. 
Interscience, New York. 1946. 

^Baiusey, B. W. Glasser’s "Medical Physics." 783. Year Book Publishers, 
Chicago. 1944. 

# Penn, W. O. Hdber’s "Physical Chemistry of Cells and Tissues.” 446. Blakis- 
ton, Philadelphia. 1946. 
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does not follow Hooke's Law. There are three thermoelastic effects 
for rubber: (1) it generates heat when stretched rapidly; (2j if 
stretched by a constant load, it contracts visibly when heated; (3) if 
held at constant length, the stress increases with rising temperature. 

Figure 1 shows the change in temperature, observed by Joule, when 
a strip of 'vulcanized rubber 'was stretched rapidly. At very low 
elongations, he observed a slight cooling. At a certain critical exten- 
sion, defined as the thermoelastic inversion point, the change in tem- 
perature was found to be zero. For extensions greater than this criti- 
cal one, the change in temperature is positive and increases steadily 
with increasing elongation. In the case of normal solids like glasses, 
metals, and wood, a cooling effect is observed on fast stretching. By 
comparison, the thermoelastic behavior of rubber is normal only at 
small extensions, and it is anomalous above the thermoelastic inver- 
sion point. 



Fiom 1. of tonperature AT on fast stretching as a function of the strain s. accord- 

ing to Joliu. 
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Figure 2 shows the rise in temperature on fast stretching, for Butyl 
rubber, as a function of extension at large extensions (Dart and 
Guth®). The steep rise at larger extensions indicates progressive crys- 
tallization on stretching of the rubber. Besides the rise in tempera- 
ture on extension, the cooling observed on retraction is also given. 
This cooling (the negative of which is plotted) was obtained after the 
rubber was kept at each extension, for which AT was measured for 
one minute. During this time, an additional crystallization took 
place. This accounts for the hysteresis loop between the extension 
and the retraction branch. The first crossing of the two branches in- 
dicates the start of crystallization, while the second crossing is a sign 
of a certain saturation. Fast cycle gives AT for extension followed 
by immediate retraction. 


« Dart, S. D., k S. Chitli. J. Chem. Phys. 13: 28. 1945. 
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Figubb 3 Linear thermal expansion coefficient a,j parallel to the stress as a function of the 
strain e, according to Joule. 

Figure 3 shows the contraction which Joule observed on heating a 
sample of vulcanized rubber which w’as stretched by a constant load. 
Again, a thermoelastic inversion point is observed. 

Figure 4 shows isometrics obtained by Anthony, Caston, and Guth 
at Notre Dame. The isometrics exliibit the third thermoelastic ef- 
fect, namely, the change in stress produced in a strip of mbber when 
its length is held constant and its tempeiature is varied. 

The first stress-strain curves for rubber were obtained by Villari. 
Figure 5 shows a stress-strain emwe obtained by Villari for rubber 
cord. This curve exhibits nicely the characteristic S-shape of the 
rubber stress-strain curves. The dashed curve indicates the compres- 
sion branch. 

A proper theory of rubber elasticity must explain quantitatively the 
three thermoelastic effects and the S-shape of the stress-strain curve. 
A theory satisfying these conditions was developed by H. M. James 
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Figube 4a Stress-temperature curves (isometncs) at vanous extensions foi an unaccelerated 
pure gum stock 


and the author, and will be described briefly in the later sections of 
this paper. 

2. Resolution of the Stress 

The peculiar behavior of rubber shows up very clearly in the resolu- 
tion of the stress into its additive components, due to internal energy 
and entropy, respectively. In van der Waals’ equation of a real gas, 

p = -o/F» -1- BT/V - 6 = piU) -b p{S), (1) 

the first term p{U) = — a/V‘ is due to the internal energy U, and 
the second term p{S) is due to the entropy S. Similarly, the stress 
Z may be resolved as follows: 

Z = Z(U) H- Z(S). 


( 2 ) 
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20 40 60 

TEMP. *0 

FiGUlE 4b Same as Fioura 4a for larger extensujne 


Such a resolution may be obtained from observed isometrics using 
thermodynamics only, i.e., without any knowledge of the structure of 
the particular material under consideration. Roughly speaking, Z{U) 
is connected with intermolecular forces, while Z (S) is due to heat mo- 
tion* (cf. the above identification of p(C/) and p(S) for a gas). 

A gas may be characterized by the fact that p(S) (heat motion) de- 
termines the pressure, while p (17) (intermolecular forces) is merely a 
correction, p(U) becoming, however, increasingly important when the 

♦ More accurately, Z(U) also may depend to some extent upon the heat motioiu 
and Z(S) may also depend upon tine intermolecular force (cf. the occurrence of 
“b" m PCS)). 
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Figure 5 Stress-stiam curve for a rubba cord, aicoiding to Villari. 
sents compression data by Sbappard. Ss Olapatm. 


The dashed curve repre- 


gas is condensed, i.e, when the volume V gets small. This is the more 
true when the gas undergoes liquefaction. It is seen that the relative 
contribution of piS) or p(U) to the total pressure depends upon the 
volume V ( and the temperature T ) . 

In a similar way, we can infer the relative importance of Z(U) and 
Z(S) for the case of solidsj once the stress is resolved into these two 
components. For normal solids, Z(U) is at least of the same im- 
portance as Z(S). For rubber, the situation is different. Figure 6 
shows a resolution for natural rubber, using data obtained by Wiegand 
and Snyder. For comparison with muscles, one may distinguish three 
regions. In the first region (0-350 %), Z(U) is practically con- 
stant, while Z(S} increases and becomes predominant in the total 
stress. In the second region, Z(U) becomes strongly negative, while 
Z(S) still increases. In the thii’d region (560-750 %), Z(U) turns 
sharply upwards, while Z(S) turns downwards. This is the region 
where the total stress increases strongly with further extension. The 
per cent extensions which separate the three regions depend, of course, 
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upon the particular compound used. The existence of a division into 
the three regions may, however, be more general."^ 

In the first region, rubber shows an elasticity similar to that of a 
gas (neglecting, for the moment, the thermoelastie inversion): Z(S) 
predominates, i.e., in this region, the stress must be mainly due to heat 
motion of constituents of the rubber. Naturally, one is led to con- 
sider the heat motion connected with free rotation in the long rubber 
chain molecules. There is, however, a non-negligible contribution by 
Z{U)j too. 

In the second region, rubber starts to ciystallize. With increasing 
stretch, the amount of ciystalline material increases at the cost of the 
amorphous material. ZiU) is of the same order as 2 < Si in this region, 
as one should expect off-hand. 

In the third region, the crystallization process continues up to a 
certain saturation, at which point, however, there is still some amor- 
phous material left. Z(U) increases rapidly in this region. Z(S) de- 
creases rapidly, i.e., the stress is caused more and more by inter-molec- 

* P- E. Waok checked at Notre Dame the upward turn of Z(U) after it passed 
a minimum, though he did not stretch the sample far enough to check the crossing 
of the zero axis by Z(U) and Z(8). We wish to point out that Wood, Za. A., ft 
P, E. Both (J. Appl. Phys. 15: 781. 1944) did not observe a minimum of Z(,U) 

This matter needs further clarification. 
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ular forces and less and less by heat motion. We shall see later that 
resting muscle corresponds to rubber in this third region. 

The resolution of the stress permits comparison of the experiment 
with theory, both for Z{S) and Z{U) separately. The theory of 
James and the author explains Z(S) and part of Z{U) in the first re- 
gion fairly adequately. There is no quantitative theory of the beha- 
vior of rubber in the second and third regions, which are of major 
interest in connection with muscles. 

3. The Structure of Rubber 

There are six main questions connected with the structure of rubber. 
The first concerns its elementary formula. This may be deducted 
fiom purely chemical facts and turns out to be (CsHsjn- (The iso- 
prene unit, CgHg, was discovered by Faraday.) The second question 
pertains to the structure within the isoprene groups. Chemistry shows 
that this structure is; 

- CH 2 - CH = CCCHa) - CH 2 - 
containing one double bond and three single bonds. The third ques- 
tion concerns the relation of the isoprene units to one anotlier; i.e., 
whctlier rubber is in the as- or fraws-configuration. The fourth ques- 
tion relates to the degree of polymerization, n. Physico-chemical data, 
especially x-ray analysis, show that rubber is in the cis-configuration, 
and that n is very large. The rubber molecule consists of a very long 
chain of isoprene units. The fifth question is related to the flexibility 
of the rubber molecule. In an isoprene group, three out of the four 
C-C bonds are single, and only one is a double bond. Both experi- 
ment and theory show that there can be free rotation around a single 
C-C bond. On the other hand, a double bond is rigid and defines a 
certain plane which is characteristic of the group containing the double 
bond. The term, free rotation, as employed here, means only that 
there are different configurations (stable arrangements) of equal 
relative probability. These configurations may be separated by en- 
ergy barriers, so that a free rotation, in the literal sense, docs not take 
place. However, if the barriers are not too high, a relative equilib- 
rium of the different configurations may occur in a short time. The 
free rotation is simply the result of the heat motion. It will give rise 
to the persistence of an internal mobility or Brownian motion in solid 
rubber. The great length and the great flexibility of the rubber mole- 
cules are the essential elements of rubberlike elasticity. 

The above five questions are the ones which arise in connec- 
tion with the study of more or less dilute solutions of rubber. The 
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sixth question pertains to the structure of bulk rubber, and it Trill be 
discussed in the folloT^'ing sections. Trro models 'will be treated quan- 
titatively. These are: (a) the bundle model; and (b) the netvrork 
model. The netTvork model is a close approximation to reality. The 
bundle model is useful for a simple explanation of some essential fea- 
tures of rubberlike elasticity. 

4, Bundle Model 

In the first semi-quantitative treatment of rubber elasticity by Guth 
and co-vrorkers, in 1934, a simplified model Tras used for bulk rubber. 
This model consists of a bundle of parallel chains or strings running 
through the whole piece of rubber. The piece of rubber selected is a 
unit cube whose edges are parallel to the three coordinate axes, x, y, z. 
If M designates the number of chains per unit cross-section, then a 
unilateral stress, Z, acting on two opposite sides of the cube and in, 
say, the e-direction, will be carried equally by the M chains. Hence, 
it is sufficient to consider the behavior of one chain under the action of 
a stress Z/M, and derive an equation of state for this simple chain. 

Our problem is closely related to the derivation of an equation of 
state for a gas, and may be solved in an entirely similar fashion. 

A chain of rubber molecules may be considered as analagous to a 
gas whose molecules are tied together by flexible strings. The strings 
must be flexible, because of the free rotation. If there were no strings, 
the heat motion would cause an expansion of the gas. The presence 
of the string Trill cause a coiling-up of the resulting chain in a random 
fashion. To mention a simple illustration, an actual piece of flexible 
string throTira into the air will come down in a coiled form rather than 
in a straight form. This is true because of the greater probability of 
coiled configurations, in contrast to the least probable straight con- 
figuration. 

5. Explanation of the Anomalous Thermoelastic Behavior 

The simple bundle model explains qualitatively the anomalous 
thermoelastic beha\ior of rubber. It explains, for example, the fact 
that heat is developed when rubber is stretched rapidly. In the un- 
stretched sample, the rubber chains are coiled up, correqjonding to a 
most probable state. Work is necessary to bring the rubber chains 
from ^eir more probable coiled-up form into a less probable straight- 
ened-out form. This work in turn is transformed into heat. The rise 
of temperature observed on fast stretching of rubber is entirely similar 
to the temperature rise produced when a gas is suddenly compressed. 
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6. Results of the Statistical Treatment of the Bundle Model 

The equation of state Z = Z(Ly T), where Z = force per unit origi- 
nal cross-section, for the bundle model, may be derived by a statistical 
method entirely similar to that used to derive the equation of state 
33 == p(y, Tj, of a gas. Neglecting the contribution to the stress due 
to the internal energy, we obtain: 

Z = Z{S) = KTL (3) 

Here X is a constant, and L may be interpreted as the relative length: 
i.e.j the extended length divided by the original length. 

This equation explains qualitatively the three thermoelastic effects 
exhibited by rubber and the stress-strain curve. However, it holds 
only for medium extensions. 

Equation 3 yields the observed rise in temperature on fast stretch- 
ing. 

Equation 3 gives for the linear thermal expansion coefiBcient a 
(parallel to the direction of the stress) , 

«ii = -1/r, (4) 

i.e., the linear thermal expansion coeflScient of stretched rubber has 
exactly the same magnitude (in the approximation of equation 3) as 
the cubic expansion coefficient of an ideal gas, but it has a negative 
sign. Thus, equation 3 explains why rubber stretched isotonically 
contracts visibly when heated. (in the approximation of equation 
3) is quite unrelated to the linear thermal expansion coefficient of un- 
stretched rubber, which is of the order of 2.10"^ 

For rubber stretched isometrically, equation 3 gives the (propor- 
tional) increase of stress with temperature. 

The upward curvature of the stress-strain curve, as shown in figure 
4, may also be explained on the basis of the bundle model. For larger 
extensions, equation 3 has to be replaced by another one containing the 
so-called Langevin function (cf. figure 20), which occurs in Lange- 
vin’s theory of paramagnetism and Debye^s theory of polar molecules. 
The orientation of the chains by the stress is very similar indeed to the 
orientation of dipoles by fields. 

Thus, the bundle model does explain the anomalous thermoelastic 
properties of rubber. It also explains the shape of the stress-strain 
curve at medium and larger extensions. The bundle model has, how- 
ever, the following shortcomings: (a) It is essentially a one-dimen- 
sional model, stretchable only in the direction of the axis of the 
bundle; also, a the linear thermal expansion coefficient perpendicular 
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to the direction of the stress, cannot be computed, (b) It does not hold 
for small extensions and for compression. Experimentally, it is found 
that Hooke’s law holds in the limiting case of very small extensions. 
The bundle model gives Z > 0 for L = 1, and Z = 0 for L = 0: Le,, 
zero volume for the unstretched state, (c) It does not explain the 
thermoelastic inversion point. 

A somewhat more detailed discussion of the material of this section 
is given in section 1 of the Appendix. In particular, equation 3 is 
derived there by statistical methods. 

7. The Network Model 

We know that, even in raw rubber, w’e do not have a bundle of iso- 
lated long chain molecules. Rather, the long chain molecules must 
form a coherent mass by some sort of cross-linking, for there must 
exist strong forces between the molecules to prevent their slipping past 
each other. Otherwise, raw rubber could not be elastic, but would 
show as much plasticity as beeswax and chewing gum, substances which 
show no appreciable retraction after the release of a stretching force. 

In the Milcanization process, the cross-links already present in raw 
rubber are reinforced and new cross-links created. Cross-links may 
be primary and secondary bonds. This general picture of the network 
structure of rubber is sufficient for the theory developed here. 

We wish to emphasize that the existence of the network is not de- 
rivable (at least not at present) from sub-microscopic or other more 
direct evidence. The existence of a network must be postulated to 
account for the physical and chemical changes accompanying vul- 
canization. 

For soft rubber, even after Auilcanization, there are only a few cross- 
links per chain. Although a translation of the chains with respect to 
each other is suppressed, there is enough freedom of motion of the 
chains to make possible a free rotation around single bonds in the 
sense defined above. 

We take as our model a region crossed by a complicated network of 
chains, very irregular in detail, but homogeneous on the average. The 
chains may run between perpendicular plane boundaries of the volume 
of the rubber over which their ends will be uniformly distributed. The 
flexible chain molecules are bonded into the network by steric forces. 

One action of the network Tvill be a pull, the development of a con- 
tracting force due to the tendency of the chains of the network to 
coil up because of free rotation. This contracting force would lead 
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to a collapse of the network, if there were not present another action 
of the network exactly balancing the contracting force. 

The second action of the network is due to the effects of molecular 
bombardments on the bounding surfaces. The chains jerk at the 
boundaries of the bulk material. In addition, there may be inert 
clusters of chains present (a sol component) which are not connected 
with the network. Both the molecular bombardments on the bound- 
ing surfaces and the sol component will lead to the production of a 
pressure as in an ordinary liquid. 

In our model, we separate rather sharply the two actions of the net- 
work: the contracting pull of the network due to the tendency of the 
chains to coil up, and the hydrostatic pressure, due to the sidewise 
pushes of the chains. We compute the first action, the pull of such a 
network, directly, but represent its second action, the production of 
internal pressure, simply by filling the model with a fictitious* liquid, 
the “rubber liquid,” which, to a good approximation, one may take 
as incompressible. Any surface of the model must, of course, be in 
equilibrium under all the forces which act on it: the pull of the net- 
work, the push of the hydrostatic pressure, and any external forces. 

8. Results of the Statistical Treatment of the Network Model 

The bundle model neglects the volume-filling properties of rubber. 
It neglects, in the terminology of section 7, the internal pressure. The 
external force (stress) , Z, is then equal to the inward pull due to the 
contracting force which is, according to equation 3, equal to KTL. 
According to the network model, however, the external force is equal 
to the diSerence between the inward pull due to the contracting force 
and the outward push due to the internal pressure. This push is 
equal to KT(1/U). The stress-strain relation for the network model 
is, therefore: 

Z = KTiL - 1/L®). (5) 

The constant, K, is determined by the molecular weight, M, of the 
chains between two junctions of the network. A reliable establish- 
ment of the correlation between K and M is possible only on the basis 
of a theory of network formation. Such a theory was recently put 

forward by James and the author. The relation A • R, holds 

to the order of magnitude (p:density, B gas constant) ; K is thus pro- 

♦This “liquid” Is fictitious as far as It simulates effects of stenc forces and 
molecular bombardments, but more nearly real as far as it represents a sol 
component. 
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portional to the number of cross-linkages. For comparison of equa- 
tion 5 with the experiment, compare piguee 21. 

The three-dimensional character of the network model permits the 
computation of the linear thermal expansion coefficient perpendicular 
to the direction of the stress. 

o-x = + l/2r, (6j 

in the approximation of equation 4. Thus, stretched rubber shows a 
marked thermal anisotropy. 

For larger extensions, one obtains, instead of equation 5, 

Z = K'T[1r^{L . k ) - 3 k L% (7) 

where C ix) = coth .r — 1/x is the Lange\in function, mentioned 
previously, and k and K' are constants. For small extensions, equa- 
tion 7 reduces to equation 6. 

The thermoelastic inversion can be explained by taking account of 
the cubic thermal expansion of unstretched rubber, characterized by a 
coefficient of cubic expansion, a, defined by the equation: 

V{J) = V{To) [1 + aCT ~ To)l (8) 

Qualitatively, the thermoelastic inversion is simply an expression of 
the competition of the outward push due to thermal expansion and the 
resulting inward pull due to the difference between contracting force 
and effect of internal pressui*e. It is clear, then, that there must be a 
critical extension, the thermoelastic inversion point, where the two 
competing forces cancel each other. Quantitatively, the effect of 
thermal expansion may be introduced as an additional internal pres- 
sure. We obtain: 

Z = KT^L - ^ 

which gives Z = 0 for L=l+a/3 (T—To), as it should, while 
EQt^ATiON 5 gives Z = 0 for L = 1. 

A more detailed iliscussion of the consequences of equation 9 is de- 
ferred to SECTION 3 of the Appendix. 

In EQUATION 9, a part of the stress is due to internal energj" con- 
nected with thermal expansion. This part plays an important role at 
small extensions only (in the neighborhood of the thermoelastic inver- 
sion point! , but can be neglected at larger extensions. 

Thermal expansion may similarly be introduced into equation 7, 
since it affects the internal pressure only; this pressure has the same 
value in equations 7 and 5. From the resulting equation, one can 
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compute Z{U) and Z(S) (cf., for the details, section 6 of the Appen- 
dix) and compare them separately with experimentally obtained Z{V) 
and Z{S). Figube 7 shows this comparison. The experimental data 
were obtained by Anthony, Caston, and Guth. The overall agreement 
between theory and experiment is fairly good, except at the lowest 
extensions where van der Waals forces, neglected in the theory, may 
play a role. 

It should be pointed out that the theory of James and Guth provides 
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^temal energy and entiopy contributions to the stress for an unaccelerated pure gum 
ine circles are theoretical \alues accoidmg to CQU\noN 46a. 



GlITH: BTJBBERLIKK ELASTICITY IN MUSCLES 


731 


a general basis for the explanation of all physical properties of 
stretched rubber. 

The theory developed by James and Guth does not consider crystal- 
lization phenomena, which are not essential for the occurrence of rub- 
berlike elasticity. In fact, it is known that Buna S (GR-S) tj’pe 
synthetic rubber does not crystallize and still exhibits the character- 
istic S-shape in its stress-strain crrr\’e. The unaccelerated pure g um 
stock of FIGURE 7 also shows no crj’stallization up to about 400 Oq 
extension, and still yields an S-shaped stress-strain curve over this 
region. 

A more detailed treatment of the material of this section is con- 
tained in SECTIONS 2, 3, 4, 5, and 6 of the Appendix. 

9. General Occurrence of Rubberlike Materials 

According to the principles set forward in our theory, all long chain 
compounds with free rotation will exhibit rubberlike elasticity above 
their respective melting points. Conversely, any compound exhibiting 
rubberlike elasticity will be a long chain compound possessing free 
rotation. The long chain compounds have a melting point or melting 
range above which there is a free rotation. IMiether this melting point 
is below or above room temperature depends on the competition be- 
tween free rotation and molecular forces. The free rotation may 
be started either by raising the temperature or by introducing a solvent 
through the process of swelling or plasticizing. A survey of rubber- 
like materials was given by the author in another paper.* Here we 
restrict ourselves to a few examples: 

(a) Guttapercha, the trans-isomer of rubber, shows rubber-elas- 
ticity above 70° C. 

(b) The inorganic substances, sulfur, selenium, phosphorus chloro- 
nitride, and sulfur trioxide, possess elastic modifications at higher 
temperatures and under special circumstances. 

(c) Synthetic elastomers, like neoprene. Butyl rubber, thiokol, and 
the butadiene-type of substances; 

(d) polystrene, polyindene and all allied substances ; 

(el cellulose derivatives; 

(f) nylon; 

(g) biological materials, like gelatine and glue, wool and silk, 
hair, chromosomes, and the muscles. 

• Publication No. 21 of the American Association for the Advancement of 
Science, Cf, reference 1. 



732 


ANNALS NEW YORK ACADEMY OF SCIENCES 


10. Summary of Rubberlike Elasticity in the Steady State 

Fundamental aspects of rubber-elasticity are the thermoclastic ef- 
fects and the S-shape of the stress-strain-compression curve of rubber. 
There are three thermoelastic phenomena for elastomers: 

1. They exhibit a rise in temperature on fast stretching. 

2. If stretched by a constant load (t.e., isotonically) , they contract 
visibly when heated. 

3. The stress in an elastomer kept at constant extension (i.e., iso- 
metric stretch) increases with rising temperature. 

These three effects are correlated by thermodynamics. 

The theory of James and the author explains quantitatively all 
these fundamental properties of rubber-elasticity. It explains ob- 
served finer details of thermoelasticity. The change in temperature on 
fast stretching is negative (cooling) for low extensions, passes tlirough 
a minimum, becomes zero (adiabatic thermoelastic inversion point) 
and finally takes on positive values (heating) for increasing exten- 
sioits. It explains the observed thermal anisotropy of isotonically 
stretched rubber. The linear thermal expansion coefficient is nega- 
tive in the direction of the sti'ess, but positive in the direction perpen- 
dicular to the stress. Both for isotonic and isometric stretch, there 
exists a thermoelastic inversion point which is half of the value 
of the critical extension for the adiabatic thermoelastic inversion point. 
The visible contraction of isotonically stretched rubber, when heated, 
is due to the fact that the negative linear thermal expansion coeffi- 
cient of stretched rubber has about the same magnitude as the (cubic) 
thermal expansion coefficient of a gas. The thermoelastic inversion 
points are determined in a simple manner by the cubic thermal expan- 
sion coefficient of unstretched rubber. The S-shape of the stress- 
strain fcompresSion) curve is also explained by the theory. 

The thermoelastic effects, with the exception of the inversion phe- 
nomena, may be explained on the basis of the bundle model. In this 
model, the bulk rubber is assumed to consist of a bundle of parallel 
strings built up from flexible (free rotation) long chain molecules. 
However, only the new network model of James and the author can 
explain the stress-strain curve at low extensions and its continuation 
for compression. This model is also needed to explain the thermal 
anisotropy of stretched rubber. Finally, the inversion phenomena 
may be explained by including in the theory the cubic tliermal ex- 
pansion of unstretched rubber. 
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11. Crystallization 

We have referred already to crystallization, in connection with the 
thermoelastic and elastic behavior of rubber at high extensions. It 
remains to put forward simple pictorial representations for the crystal- 
lization process. 

Above a certain transition temperature (more accurately: range 
of transition temperatures) , unstretched rubber forms an amorphous net- 
work, as pictured in figure 8. Below Tc, it is partially crystallized. 



i.e., there is a parallelization of the chains in crystallites or micelles. 
These ciystallites are randomly oriented, as shown in figure 9. They 
are estimated to be 3-600 A long, while the chains themselves may 
be as long as 10,000 A or more. Therefore, an average chain must 
pass through many crystallites. Thus amorphous regions connect the 
crystallites. The extent of crystallization depends upon the external 
variables (stress and temperature) and type of rubber. Amorphous 
rubber may be crystallized by stretching it sufficiently without lower- 
ing the temperatui’e. The crystallites, in this case, are lined up in 
the direction of the stress, as shown in figure 10. 

As previously mentioned, the upward turn of rubber stress-strain 
curves need not necessarily be due to crystallization. Orientation of 
the chains also leads to an S-shape, as proved by the statistical theory 
of James and the author. However, crystallization enhances the up- 
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ward turn. The stiffening effect of crystallization is similar to the 
stiffening effect of anisotropic fillers in inabber. The forces parallel- 
izing the chains in the crystallites are stronger than the forces between 
chains in the amorphous region. Consequently, the crystallites may 
be considered as fillers whose rigidity exceeds the rigidity of the sur- 



FzGUBB 10. Crystallization of stretched rubber. The micells are oriented in the direction of the 
stress. 
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rounding (amorphous j rubber matrix. Then, at least qualitatively, 
the theory of the stiffening effect of anisotropic fillers, developed by 
the author,* applies. Of course, the number of crystallites, i.e., their 
concentration, changes with stretch, while it is a constant for the case 
of actual fillers. 

It is not possible to develop a theory of the crystallization of rubber- 
like materials as general as our theory of rubber elasticity. The 
magnitude and geometrical distribution of the intermolecular forces 
regulating crystallization will depend strongly upon the chemical com- 
position of the elastromer (cf. ref. 3, pp. 279-285) . 

12. Vulcanization of Stretched Rubber 

Rubber vulcanized in the stretched state gives, on further stretch- 
ing, isometrics with a negative slope. Cross-linking of the oriented 
chains apparently prohibits free rotation to a large degree. Rubber 
shows a normal thermoelastic beha^r under these conditions. Vul- 
canization introduces, of course, a stiffening of the (previously un- 
vulcanized) material. 


B. TIME EFFECTS FOR RUBBER’ 


1. Stress Relaxation and Creep 

Stress relaxation is the decay of stress with time, if a material is 
stretched to a constant extension. It occurs for every material. The 
peculiarity of rubber show's up, however, in the quantitative stress- 
time relationships. A typical stress-relaxation curve for rubber is 
shown in figure 11. Experiment shows that the stress, as a function 
of extension «, temperature T, and time t, may be factored as follows: 

Z(e, T, t) = F(«, T) ■ G{t, T). (10) 


This factorization implies that stress-time curves for various exten- 
sions are similar; i.e., they differ by constant factors only. Stress- 
strain cmrves for various times obtained from stress-time curves by 
cross-plotting are also similar. 

The first factor in equation 10 is the stress-strain curve (equation 
5) of the steady-state theory, while the second factor represents the 
rate process of stress decay. For certain cases in which more and 
more cross-linkages are ruptured with time, the factor O may be in- 
terpreted as the time dependent number of cross-linkages. 


* OntSi, S. J. Appl. Phys. 16: 20. 

^ Cf. OiLtli, B., P. B. ^ 


1945. 

Vaok, ft B. Jm. AiLtkony. 


J. Appl. Phys. 17! 347. 


1946. 
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2 ( 0 ) 



Figube 11. Stiebb lelavation. indicates tlie time aftei \^lucli isometnos aie taken in the re- 
Ia\ation method of obtaining ifioxnetiicb. 


Creep is the increase of strain with time, if a material is deformed 
by a constant stress. Creep is shown schematically in figure 12 for 
short times, while the extension, as a function of stress, temperature, 
and time, may be obtained from equation 10 by solving for c. It is 
seen then that creep curves taken with various values of stress are 
similar (differing only by a multiplying factor) only if the strain is very 
small so that Hooke’s Law holds. For longer times, stress-relaxation 
and creep are connected by a formalism which gives time depend- 



Figubs 12. Creep. 
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encies in a manner similar to that whereby thermodynamics gives 
temperature dependencies of various effects. The influence of speed 
on stress-strain curves obtained at a constant rate of ejctension or stress 
may be obtained from the same formalism. 

2. Relaxation Method of Obtaining Isometrics 

Because of stress relaxation, stress-strain curres show the expected 
dependence upon temperature only if they are taken so fast that no 
appreciable change in the factor G in equation 10 occurs. In practice, 
it is diflflcult to obtain the stress-strain-temperature data with the re- 
quired speed. In a inore convenient method, the sample is relaxed at 
a fixed temperature, T*, until a time, f*, is reached (cf. figuhe 11) 
where the stress decays very slowly with time. Then the temperature 
is lowered and the corresponding change in stress observed. The time 
t* is chosen so that, during the single interval (t** — t*) needed for 
lowering the temperature in the experiment, the change of stress with 
time is within the experimental error. Thus, isometrics are obtained 
directly. The duration, t*, and the temperature, T*, of the pre-relaxa- 
tion can change the isometrics by numerical factors only, because of 
the experimentally verified relations: 

Z(€, T, T*, t*) = T), GiT*, t*). (11; 

The validity of this factorization implies the similarity of certain 
curves, as in the previously discussed case of relaxation. This relation 
should be checked for each material to which the method is applied. 

3. Retraction of Stretched Rubber 

The retraction of stretched rubber has been studied recently® at 
Notre Dame, both by the kymograph and by high speed photography. 
Kymograph records (elongation-time curves) for natural and for 
Butyl rubber are shown in figuees 13 and 14. It is seen that, for 
natural rubber, the speed of retraction (slope of the elongation-time 
curve) is a constant. The cun'ature of the elongation-time curve at 
the beginning of the retraction is due to the weight of the stylus and 
of the rubber used for clamping before the stress is released. For 
Butyl rubber, on the other hand, the velocity goes from a ma ximum to 
zero. 

‘aCKTV^, B. A., S. B. Dart, ft B. Qutlu 3 . Appl. Phys. 161 8. 1845. 
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Figlbl 13 Elongation -time cui\eb foi the fiee retraction of stietched natural rubbei 


Theory® shows (cf. section 8 of Appendix) that the (constant) 
speed of retraction for natural rubber is determined by the inertia of 
the elements of the sample. This is similar to the inertia effect ob- 
served when a train starts to move; the last car moves only after a 
“wave” passes down to it along the couplings of the cars. The elastic 
wave pulse passing down the rubber sample may be seen very clearly 
in high speed photographs. For Butyl rubber, a combination of inertia 
and internal friction has to be assumed, the latter being responsible 
for the decrease of the velocity to zero (cf. equation 62a) . The quan- 
titative treatment of this process is indicated briefly in section 8 
of the Appendix. 

• ffamM, K. K, k B. Onth. Phys. Rev. 66; 38. 1914. 
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Figube 14 Elongation -tune curves for Uie free retraction of stretched Butjl rubber. 


C. ELASTIC PROPERTIES OF RESTING MUSCLE 
1. Stress-Strain Curve 

The stress-strain curves of resting muscle and of rubber are signifi- 
cantly different (cf. figuees 15a and 15b). Examination of figures 
15a and 15b shows that, for extensions exceeding e* (figure 16b), the 
rubber stress-strain curve has a characteristic similar to that of rest- 
ing muscle (figure 15b) . In other words, muscle corresponds to rub- 
ber stretched out so much that the chain molecules are markedly 
oriented. As we have already noted (cf. sections A 6 and 8), the up- 
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Figube 15a. Strebs-&tiam cuive foi leslmg muscle (schematic). 

Figlhl 15b Stress-stiain ciine foi lubber (schematic). 

ward ten of the rubber stress-strain curve (above s*) may be ex- 
plained by a marked orientation of the molecular chains. Crystalliza- 
tion, if it occurs, greatly enhances the upward turn, but is not necessary 
for its explanation. Fenn’s statement {loc. cit, p. 469) that, “as the 
btretch increases, new structures within the muscle are called upon to 
offer resistance,^’ may be made more precise by substituting, for “new 
structures,’^ ciystallized or oriented regions. X-ray and birefringence 
data (cf. the paper by E. Fischer* and the results of Treloar’s (Trans. 
Faraday Soc 37: 84. 1941.) work on birefringence of crude natural 
rubber, showing an interesting similarity with the corresponding be- 
havior of resting muscle) would seem to indicate that crystallization 
plays an important role for muscle. This is not necessarily true for 
rubber. 

Howell’s (otherwise quite good) account of muscle physiology in his 
textbook^® is somewhat misleading, concerning the comparison be- 
tween muscle and rubber (cf. his Figure 4). Rubber does not obey 
Hooke’s Law, except for very small (1-2 %) extensions. At 5 % 
extension, there is a 5 % deviation from Hooke’s Law, and so on. 
In Howell’s Figure 5, a stress-strain curve for muscle, due to Marey, 
is presented. Up to the point a, this curve shows the behavior sche- 
matically represented in our figure 15a. Whether the part beyond a 
has significance (and is due to plastic flow, as Howell believes), can 
be stated only after further investigation, for the muscle may start to 
fall apart^^ beyond point a. 

♦ P. 788 ff. 

><>Kow«llf W. B. A Text-Book of Physiology. 13 ed. Saunders, Philadelphia. 
1937. 

^ This was pointed out to the author by ▲. S. Ollson. 
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The work of Banus and Zetlin, and particularly that of Ramsey and 
Street, indicates that the tension of resting muscle is due entirely to 
the connective tissue. Histological work has shown that the sarco- 
lemma is analogous to a knitted stocking composed of a network of 
fibers. Whether muscle contains a molecular network similar to that 
of rubber, has not been definitely proved. However, the presence 
of such a network is made very probable by the existence of a long 
range of reversible elasticity for muscle. 

2. Thermoelastic Effects 

Heidenhain, in 1863 only four years after Joule’s publication 
on rubber), showed that resting muscle generates heat when it is 
stretched rapidly, and cools when it is released. Recently, Heiden- 
hain’s discoveiy was confirmed by Hill and Hartree, and by Feng. 
Experimentally, these men found that (for muscle) AT first increases 
as the extension is increased, then passes through a maximum and, 
for still greater extensions, becomes negative. This behavior is shown 
in FIGURE 16. Using essentially our equations 9a and 12a, Hill and 
Hartree substituted the empirical values of AT, and thereby com- 
puted the linear coeflScient of thermal expansion for muscle. The 
occurrence of an inversion point in figure 16 seems to indicate the 



Figurl 16 . Change m tooipeiSiture on f&bt bti etching of mub<de < schematic). 


742 


ANNALS NEW YORK ACADEMY OF SCIENCES 


completion of crystallization (and of molecular orientation) on stretch- 
ing. Beyond that point, muscle exhibits a normal thermoelastic be- 
havior. The results obtained by Dart, Anthony, and Guth, and Dart 
and Guth, for the rise of temperature produced by the rapid stretch- 
ing of natural and synthetic rubbers, also show the presence of this in- 
version point. 

Isotonic contraction, obtained by heating stretched resting muscle, 
has been studied by Wohlisch and his associates. In agreement with 
Hill and Hartree, and Feng, they found that an fcf. equations 29a and 
40a j, the linear coefficient of thermal expansion parallel to the direction 
of the stress, is negative first, passes through a minimum, and then 
increases, passing through zero at the thermoelastic inversion point, 
and becomes positive thereafter (cf. figure 17) . 



€ in % 

Fiouse 17 . 011 for resting musole (schematic). 
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Isometrics have been investigated by Meyer and Picken, and lately 
by Wohlisch et al. Figuke 18 shows the result of the latter for 
ligam&ntum nuchae. One sees clearly that muscle corresponds to rub- 
ber partially crystallized as the result of stretching. Wohlisch et al. 
also checked the consistency of their data by direct measurements of 
the rise of temperature, employing, in effect, our equation 9a of the 
Appendix. For a “good” rubber, ZiU\ is usually small compared with 
Z\S). For muscle, the two are of the same order of magnitude, show- 
ing clearly the significance of molecular interactions besides the pure 
entropy effect. A similar result was obtained by Wohlisch et al. for 
skeletal muscle. (None of the authors has carried out quantitative 
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work on both stress-strain curves and at least two thermoelastic effects. 
None of them investigated the time effects which enter into the deter- 
mination of isometrics; for instance, the work by Meyer and Picken 
is not sufficiently complete.) 

Summarizing, the elastic and thermoelastic behavior of muscle corre- 
sponds closely to that of rubber partially crystallized through stretch. 
The concave (to the ordinate axis) character of the stress-strain 
curve, the rise in temperature on fast stretching, the isotonic contrac- 
tion on heating, and the resolution of stress into its additive com- 
ponents due to internal energy and entropy, respectively, all point 
in tlie same direction. 

3. Stress-Relaxation of Resting Muscle 

The stress-time behavior of active muscle was recently studied in 
detail by Gilson, Walker, and Schoepfle,^* and by Schoepfle and Gil- 
son.^® The stress-relaxation of resting muscle, however, does not seem 
to have been studied. At the suggestion of the author, Drs. Gilson 
and Schoepfle kindly pei'foi-med a stress-relaxation experiment on the 
sartorius muscle of a bullfrog. The initial length of the sample was 
lo = 61 mm., and it was stretched to 76.5 mm. The decay of the stress 
is shown in figxjee 19 in semilog representation. It is seen that, after 
an initial fast decay, the curve is a straight line: i.e., the stress decays 
thereafter as an exponential function of the time. The initial fast 
decay is probably connected with the temporary breaking of van der 
Waals’ bonds: i.e., it is a primary relaxation. The exponential part 
is probably connected with the breaking of chemical bonds: i.e., it is 
a secondary relaxation. After three houra, the strain was released 
and the sample’s length took on rapidly the value 71.5 mm. and stayed 
there. The rapid recovery corresponds, of course, to the fast initial 
decay, while the permanent set corresponds to the exponential decay. 

A further study of stress relaxation, in conjunction with studies of 
the creep and of the influence of speed upon stress-strain curves, 
would be very useful. In addition, the retraction of resting muscle 
could give interesting results. The relaxation method of obtaining 
isometries would give useful clues as to the nature of the elasticity of 
resting muscle. 

^ Oilson, A. S. Jr.f S. M. ‘Walker, & Q*. M. Bokoepfle. J. Cell. & Comp. Physiol. 84: 
185 . 1944 . 

u Schoepfle, G. »h A A. 8. Gilson, Ar. Ibid. 26: 119. 1945. 
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D. ELASTIC PROPERTIES OF ACTIVE MUSCLE 
1. Structural Aspects 

The elastic and thermoelastic behavior of the resting muscle shows 
great similarity to the corresponding properties of rubber, as we have 
seen. However, even for resting muscle, the similarity with rubberlike 
materials represents one aspect of the problem only. The release of 
metabolic energy and the change in pH on stretching of the resting 
muscle show clearly the limitations of that similarity. The “non- 
rubberlike” properties of muscle due to the ionic emironment and ac- 
companying chemical changes may outweigh the rubberlike properties 
in importance. For the active muscle, ionic environment and chemical 
changes are much more important aspects than for the resting muscle. 
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Nevertheless, comparison of the active muscle with rubber can help 
a little in the clarification of the fundamental problems of the elasticity 
of the active muscle. The structure of muscle, as explored by electron 
microscope and x-ray studies, is surveyed in the excellent paper* 
by Schmitt, Bear, Hall, and Jakus. For resting muscle, it is possible 
to ascribe the observed elasticity and thermoelastic behavior entirely 
to the connective tissue, without knowing the structure of the myo- 
fibrils and how they are bound to the connective tissue. For the ac- 
tive muscle, however, these two questions are of paramount impor- 
tance. A myofibril consists of fine filaments, 50-250 A in width, 
which extend continuously through A and I bands. The main differ- 
ence between A and I bands is that the A bands contain relatively 
dense material. The reversal of striation on contraction (Jordan) 
was checked; this reversal means the movement of the A-substance 
from the A bands toward the I bands. The continuous extension of 
the filaments through A and I bands, discovered by Schmitt et al, and 
the reversal make it possible to consider A and I bands as essentially 
of the same structure. On contraction, the filaments themselves 
shorten rather than coil up. The myosin filaments are the smallest 
contractile units thus far observed. No direct information is avail- 
able, at present, on the microstructure of the myosin filaments. We 
can only make some guesses. The simplest assumption seems to be 
that the myosin filaments form a sub-microscopic stationer^s rubber 
band which is stabilized in a stretched state. With this picture, no 
essential difference between myosin filaments and coimective tissue has 
to be assumed as far as their network structure is concerned, i.e,, the 
folding of chains may take place inside the filaments. In order to 
explain the anisotropy of the A and the isotropy of the I bands, we 
may assume that, in the resting state, the former are stabilized at a 
more extended state than the latter. This does not exclude the possi- 
bility that the I bands may be actually somewhat compressed in the 
resting state. 

How are the myosin filaments stabilized in a stretched state? The 
recent investigations of the Szent-Gyorgyi^^ school (cf., also, the 
paper by Steinbachf) show that the fibrous protein, previously called 
just myosin, actually consists of two components, actin and myosin. 
Actin is rigid and may prop up the flexible myosin, if more or less 
strong cross-linkages bind together these two types of proteins. On 

» Szent-Oydrgyl, A. J. Colloid Sci. 1: 1. 1946. 

* Pp. 799-812. 

t T>. 849ft. 
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stimulation, these cross-linkages are dissolved, or the actin may be- 
come flexible. All this, of course, is merely conjecture. 

2. Coupling Between Sarcolemma and Molecular Matrix 

The next problem, the mechanical coupling between resting ff.e., 
sarcolemma) and active muscle, is rather unclear at present. This is 
particularly unfortunate, since it makes uncertain the interpretation of 
any observed elastic or thermoelastic property’ of the active muscle. 
The possibility of extraction of myosin filaments by dilute KCl solu- 
tion (Greenstein and Edsall) shows that, in the resting state, these 
filaments are not linked too strongly to the muscle matrix. This 
method of extraction leads to a wide distribution of lengths, as indi- 
cated by Edsall and extended by Schmitt et al ( loc. cit , ) . The fact, es- 
tablished most directly by the “pinching'* experiment of Ramsey and 
Street, that the myofibrils do not contribute measurably to the ten- 
sion of stretched resting muscle, points in the same direction. Hence, 
no conclusions may be drawn about the myosin filaments from the 
elastic beha\dor of resting muscle. 

This weak (if any) binding of the myosin filaments to the sarco- 
lemma in the resting muscle does not necessarily involve an equally 
weak binding in the active muscle. The stimulus may cause the for- 
mation of strong bonds between myosin filaments and sarcolemma. 
In another connection, Astbur^" suggested that, on stimulation, a sort 
of vulcanization of the muscle may take place. It would be of great 
interest, in this connection, to repeat the Ramsey-Street experiment 
by pinching the muscle before it is stimulated. 

Two interesting suggestions were made recently to explain the trans- 
mission of force from the myosin filaments to the sarcolemma, with- 
out assuming end-to-end bonds between them. Bull^® suggested a 
sort of “fluid drive** coupling for the transncdssion of longitudinal ten- 
sion from the myosin filaments to the sarcolemma. It was pointed 
out, however, both by the author and Dr. J. T. Edsall, that such a 
mechanism is somewhat hard to understand. Schoepfle and Gilson^*^ 
make a more radical suggestion. While usually it is assumed that 
contraction of the muscle caused by longitudinal tension leads to a 
bulging of the sarcolemma, they assume that the (twitch) tension acts 
transversely, causing a bulging of the sarcolemma which leads to con- 
traction. They think that condensation from an elongate to a com- 
pact form, at constant volume within the fluid sarcoplasm, may exert 

B. B. J.A.C.S 67: .'33. Cf. also Quart. Bull. Northw. Med. Sch. 

SclLoepfl.ef’G. M., & A. S. Cl>il 80 ii, Jt. J. Cell. & Comp. Physiol. 27: 105-114. 
1946. Cf. also the paper by CHlson, Schoepfle A Walker» p. 697ff. 
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lateral pressure and thus indirectly cause a change in longitudinally 
directed tension. Since the molecular matrix must be inside the fila- 
ments studied by Schmitt et al, such a mechanism is somewhat hard 
to understand. Schoepfie and Gilson^“ investigated the change of 
elasticity on activation of a muscle by single twitches.^^ They observe 
actually the differential of a stress-strain curve, i.e., the slopes as a 
function of tension and of length. As a function of tension, the slopes 
turn out to be the same for both resting and active muscle, but not 
as a function of the length. Schoepfie and Gilson interpret their data 
as a support of their ideas. They also refer to the fact that a stretched, 
but rigidly fixed, muscle breaks across the belly during tlie rise of ten- 
sion following stimulation. 

Previous attempts to measure the change of elasticity on activation 
are obscured by difficulties in the interpretation of the results, as Fenn 
(ioc. dt.) points out. Schoepfie and Gilson’s work is an improvement, 
no doubt, but the meaning of their results is not entirely clear at present. 

3. Nature of Tension in Active Muscle 

What causes the tension in active muscle? The question of activity 
verm recovery energization (i.e., in the older terminology: “chemical 
versus physical theory”), is discussed in detail in the interesting article 
of Dr. Ramsey* and in other papers of this conference, and in the reviews 
of Dr. Fenn and Dr. Ramsey referred to before. We shall assume, 
here, the recovery energization theory. The tension in active muscle 
is, very likely, due to both internal energy and to entropy. The rest- 
ing state is the initial state for contraction. Now, as we have seen, 
the tension in stretched resting muscle is to a large part determined by 
internal energy. Therefore, at least for contractions up to 20-30 %, 
the internal energy should play a role, but not necessarily for the 
largest contractions, e.g., in the delta state. The question of the 
temperature dependence of the tension-length diagram for active mus- 
cle is discussed carefully by Fenn. These data do not give a clear 
indication of the I’elative magnitudes of the entropy Z (5) and internal 
energy Z{U) contributions to the tension. Recent results by Dr. 
Ramsey on the temperature dependence of tension-length diagrams 
were analyzed by the method of least squai'es by Dr. Bull. They seem 
to be compatible with a pure entropy tension. However, there is a 
considerable scattering of the original points in this rather difficult 
experiment. Therefore, in the author’s opinion. Dr. Ramsey’s ques- 

” Similar work in tetanus is harder to interpret. 

* P. 675ff. 
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tion (loc. dt.), as to whether his data are consistent with an appreci- 
able contribution due to internal energy, can be answered aflSnnatively. 

4. Interpretation of Tension-Length Diagrams 

The mterpretation of the length-tension diagrams (in particular, 
those given by Ramsey and Street for single muscle fibers) is am- 
biguous at present, for, as stated before, we do not know the mechan- 
ical coupling between molecular matrix and sarcolemma. Ramsey 
subtracts the resting tension (due to the sarcolemma) from the total 
tension and ascribes the difference to the molecular matrix. 

This “difference” tension-length eur\'e was considered in the in- 
teresting paper by Bull.“ He ascribed the tension-length behavior 
to the curling of myosin filaments, and tried to connect the elastic 
modulus with the molecular weights of the extracted filaments. TMiile 
this particular interpretation is somewhat problematic at present. Bull’s 
comparison of the resting state of the myosin filaments with stretched 
and partially crystallized rubber, and of the delta state with amor- 
photis rubber, is probably valid. 

Subtraction of the resting tension and consideration of the difference 
as due to the muscle matrix presuppose that the sarcolemma and the 
muscle matrix behave as two (non-Hookian) springs in parallel. Since 
this assumption involves difficulties {e.g., the single twitch experiments 
of Schoepfle and Gilson and the so-called Weber’s paradoxon), it may 
be safer, at present, to consider, instead, the total tension. We shall 
assume that the sarcolemma carries the tension, both in the resting 
and in the active state. (This assumption could be checked experi- 
mentally, to a certain extent, by pinching the muscle before it is stim- 
ulated, as we suggested before.) The muscle matrix is bound to the 
sarcolemma by weak bonds before stimulation. After stimulation, the 
muscle matrix becomes cross-linked with the sarcolemma (vulcaniza- 
tion) . These cross-links may be sidewise, or end-to-end, or a mixture 
of both. Sidewise bonding may lead to a transverse transmission of 
tension, similar to that suggested by Schoepfle and Gilson. Con- 
currently with, or perhaps preceding, this cross-linking, a de-cross- 
linking or destabilization of the actomyosin complex occurs. 

On such a picture, Ramsey and Street’s tension-length curves of the 
resting and of the contracting muscle may be considered, in first ap- 
proximation, as the upper and lower part of the same stress-strain 
curve, namely, one of the type of nouBE 15a. The part to the ri^t of 
8* corresponds to the stretching of resting muscle (assuming that the 
sarcolemma of the resting unstretched muscle corresponds to a stretch 
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s* relative to the maximally contracted state) . The part to the left 
of e* corresponds to the contraction of previously unstretched muscle. 
The length-tension curve of previously stretched active muscle may be 
qualitatively explained by the decrease of the probabilities of both vul- 
canization and destabilization by the pre-stretch. However, time ef- 
fects, too, may lower the total tension in this case. 

This description of the length-tension diagram for the contracting 
muscle is formally very similar to that given by Bull,^® though the 
underlying picture is different. The delta state may correspond to 
amorphous rubber and supercontracted wool. It is possible, however, 
that, in the maximally contracted state, a still regular folding takes 
place. Then the analogy with amorphous rubber would be a very 
rough approximation only, and intermolecular forces may contribute 
as much as the entropy to the tension. 

5. Speed of Shortening and Viscosity 

For active muscle, free retraction apparently has not been observed 
directly, but it may be inferred by extrapolation. HilPs characteristic 
equation for isotonic contraction, 

+ a)v = h{Z - Zy,) (12) 

{Zioi weight; v: speed of shortening; Z: isometric tension; a, b: con- 
stants) , reduces for free retraction to : 

-^v = Z. (13) 

If Z is assumed to be constant, then v is also constant and the rela- 
tion (equation 13) is the equation of motion of a concentrated mass 
acted upon by a constant force Z and retarded by a viscous medium 
with a viscous force proportional to the velocity. Originally, Hill as- 
sumed that the speed of shortening is determined by such a viscous 
force. Fenn, however, pointed out that then, for isotonic shortening, 
the relation, 

71V =E(Z - Z^) (14) 

(tj: coefficient of viscosity), should hold. This equation did not check 
with the experiments of Fenn and Marsh, who found that muscle lifts 
hea\ier weights slower than lighter ones. To explain this fact, Fenn 
suggested that the speed of shortening is determined by the time needed 
for energy liberation. Heavier weights need more excess energy libera- 
tion, and this takes a longer time. Hill later agreed fundamentally with 
Fenn and put forward his characteristic equation 12. Hill obtains the 
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constant, a, also, from measurements of the shortening heat, and thus 
establishes a connection between speed of shortening and rate of heat 
production. Hill’s formalism is discussed by Fenn ( loc. cit.) and Ram- 
sey (loc. cit,), who point out that Hill’s equation was checked only for 
the initial velocity of shortening. Ramsey assumes a variable velocity 
of shortening and connects it with the work done on contraction com- 
puted from the area of the tension-length diagram. While both Hill’s 
and Ramsey’s theories are rather interesting and ingenious, they are 
phenomenological and do not clarify the nature of the speed of short- 
ening. 

In the case of rubber, the coefficient of internal friction decreases 
with increasing speed of the deformation, if the experiments are evalu- 
ated using the concept of a viscous friction proportional to the velocity. 
In this connection, it would be important to investigate the (free and 
isotonic) retraction of stretched resting muscle. It is likely that, in 
this respect, too, resting muscle will show similarity \vdth rubber. By 
comparison, it will also be possible to see the difference between rest- 
ing and active muscle, and to decide whether the speed of shortening is 
intrinsically connected to, and determined mainly by, the chemical 
processes occurring in the active muscle, or whether the speed of short- 
ening is given mainly by the factors which determine the retraction 
of stretched rubberlike materials. 

We have seen that the speed of free retraction of stretched rubber is 
determined by the inertia and the internal friction of the particular 
type of rubber considered. Natural rubber’s speed of retraction is a 
constant and is determined mainly by inertia, while, in the case of 
Butyl rubber, internal friction slow’^s down the speed as the retraction 
progresses with time. 

6. Thermoelastic Effect of Active Muscle 

Azuma found (in Hill’s laboratory) that active muscle, on stretch- 
ing, exhibits a cooling effect like a normal solid, in contrast to the rise 
in temperature on stretching of rubberlike materials and of resting 
muscle (below the inversion point) . 

We have pointed out, in section A 12, that rubber vulcanized in a 
stretched state shows a normal thermoelastic behavior. If Azuma’s 
effect is a thermodynamic phenomenon (i.6., if it is not a time-de- 
pendent process) , and if the “vulcanization” of the muscle on stimu- 
lation is more than an analogy, then it may be explained in the sug- 
gested way. At any rate, further work along these lines would be 
interesting. 
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There seems to be no analogy with rubber for the interesting effects 
of latency relaxation studied in such a remarkable manner by Dr. 
Sandow.* 


APPENDIX 

1. Statistical Treatment of the Bundle Model 

The quantitative treatment of the rubber chain is again very much 
the same as that used for a gas. For simplicity, an ideal gas may be 
employed. A configuration of gas molecules is the more probable, the 
greater the volume occupied by the gas molecules. Hence, it is 
plausible to put this configuration (or thermodynamic) probability, C, 
proportional to the volume, V: 

C{V) = AV; A = const. (la) 

In order to derive an equation of state, we have to connect the con- 
figurational probability C(V) with the entropy S(V, T) of the gas. 
Obviously, nature will prefer more probable configurations, as com- 
pared to less probable ones. This tendency of nature requires that 
the entropy changes in conformance with the configurational prob- 
ability, a statement qualitatively equivalent to the second law of ther- 
modynamics. Quantitatively, the connection between S(V, 2') and 
C{V) is given per molecule by Boltzmann^s principle: 

a(7, T) = fc log C{V) = k log(A . F), (2a) 

and per mole with N molecules introducing the gas constant E = Nk, 

S ^ Ns = RlogiA. V). (3a) 

The equation of state p = p(F, T) follows from the entropy by purely 
thermodynamical considerations: 



For a rubber chain containing N freely rotatable links, the config- 
urational probability C (L) dL will be a measure of the probability that 
the ends of the chain will be apart by a distance between L and L + dL, 
It is natural to expect that C (L) will have the form of the error law, 
i.e., of the Gaussian distribution: 


• Cf. pp. 895-930. 
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C(L)rfL = B = const. 

Here: 

= 2 • Nlt^i is = Z tan - 

with I = 1.54 A, the distance of the C — C bond, and 8 = 109°, the 
valence angle. Rigorous analysis, which we omit here, verifies this 
expectation. 

Equation 5a corresponds to equation la. To the volume, V, of a 
gas, there corresponds the length, L, between the ends of the rubber 
chain. 

Again, Boltzmann’s principle will connect the configurational prob- 
ability C(L) with the entropy s(L, T) of the rubber chain: 

s(L, T) = k log C{L) = ft log R —kfiL^, (6a) 

and for a bundle of M parallel chains; 

R(L, T) = JH-s(L, T). (7a) 

The equation of state Z = Z(L, T) where Z designates the force 
stretching the rubber normalized to unit original cross-section, follows 
from the entropy by the analogue of equation 4a: 

= = M-2?-kT-L = KTL. (8a) 

\dL/T 

Applied to bulk rubber, L may be interpreted as the relative length, 
the extended length divided by the original length. 

This equation explains qmlitatively the three thennoelastic effects 
exhibited by rubber, and agrees fairly well with experiment for medium 
extensions. 

A. For the rise in temperature on fast stretching, thermodynamics 
yields the formula: 



Inserting the value of {dZ/dT)L obtained from equation 8a yields: 

at = I • f • (L* - 1). (10a) 

Gl 2 

This formula explains the experimental results above the thermo- 
elastic inversion point given in figube 1, but it fails both for very low 
and very high extensions. 
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B. The length of the rubber sample as a function of temperature, 
when it is stretched by a constant load, may be characterized by the 
linear thermal expansion coeflScient parallel to the direction of the 
stress. 

an may be computed from bxjuation 8a directly, or using the thermo- 
dynamic relation: 

(i).--(a(a 

One obtains: 


aa 



(13a) 


i.e., the linear thermal expansion coefficient of stretched rubber has 
exactly the same magnitude [in the approximation of equation 8a] as 
the cubic expansion coefficient of an ideal gas, but it has a negative sign. 
Thus, EQUATION 13a explains why rubber stretched isotonically contracts 
visibly when heated. «« (in the approximation of equation 8a) is 
quite unrelated to the linear expansion coefficient of unstretched rubber, 
which is of the order of 2 • 10"^. Again, equation 13a only holds well 
above the thermoelastic inversion point. 

C, For a sample of rubber held stretched to a constant length, equa- 
tion 8a gives the (proportional) increase of stress with temperature. 

The upward curvature of the stress-strain curve, as shown in figure 
6, may also be explained on the basis of the bundle model. For it can 
be proved that the Gaussian distribution (equation 5a) holds only if 
the “length” L between the ends of the chain is small, compared to 
the maximum length which the chain has when completely extended. 

A more exact treatment of a one-dimensional model yields: 

(14a) 


where 


i = ^ and /(t) = tanh~i t = 1/2 log | ^ . 

xV fr 1 — “ t 


The function t = tanh / occurs in Ehrenfest’s theory of magnetism. 
The function /(t) is shown as curve II in figuee 20. This curve ex- 
plains the upward curvature of the rubber stress-strain curves simply 
as due to deviations from the Gaussian law, as the chains are strai^t- 
ened out more and more by the stress. 
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Figurt 20. In\er-o Langevin function (I) and inverse tanh function (11) . 


A three-dimensional model corresponding to the one-dimensional 
model just treated yields: 

m = = 11(f) = coth/ - 1/f (15a) 

where L(f) is the Lange\’in function occurring in Langevin's theory of 
paramagnetism and Dehye’s theory of polar molecules. 

2. Equation of State for Incompressible Rubber Consisting of 
Gaussian Chains 

We consider the irregular cross-bonded network as described above. 
Thici network can be replaced by a regular network of cubic symmetry 
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of independent cliaiiib without any loss of naathematical rigor. The 
chains of this regulai’ network may run parallel to the three coordinate 
axes. For this network, it is easy to obtain the equation of state for 
stretched rubber. 

We make two fundamental assumptions: 

A. The Gaussian distribution is valid for C (L) , the configurational 
probability: i.e.j the rubber chains are extended only to a length small 
compared to the maximum length. 

B. Rubber is incompressible: i.e., it does not change its volume 
when stretched. 

Assumption B holds experimentally for soft gum compounds up to 
about 300 % extension, according to Holt and McPherson. 

We consider a unit cube of unstretched rubber. After a force Z is 
applied in the Z-direction, the dimensions of the resulting paralleliped 
will be Lx, Lyj Lg. For unilateral deformations in the Z-direction we 
have the relation: 

Lx — Ly. (16a) 

According to our Assumption B and equation 16a, 

V = LxLyLx = Ly^Lx = 1. (17a) 

As described earlier, there will be three forces acting in our model: 

Zi, the inward pull due to the contracting force; 

Za, the outward push due to the internal pressure of the rubber 
liquid*; 

Za, the outward pull due to the external force. 

Because of the equivalence of the irregular and of the regular cubic 
network, we may use for the contracting force equation 8a, derived for 
a bundle of M parallel chains. 

Then, 

Zi = KTLx, (18a) 

The internal pressure, P, may be calculated from the condition of the 
equilibrium of the forces applied to one of the sides {Ly L^) of the 
cube upon which no external force acts. The outward push of this 
pressure is balanced by the pull of M molecular chains, each extended 
to length Lx and thus exerting an average force of Zi = KTLx. 

Then, 

PLyLx = KTLx; (19a) 

using EQUATION 16a, we obtain: 

* This “liquid** Is fictitious as far as it simulates effects of steric forces and 
molecular bombardments, but more nearly real as far as It represents a sol com- 
ponent. 
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P = KT/L,. 


(20a) 


Thus, the internal pressure of rubber decreases for tension and in- 
creases for compression, in accordance with physical expectations. 
Considering the forces acting on the end faces {LxL ^ ) , we have: 


Zi = KTLx 

Zi = PL,X,. = KT/Lx^. 


(21a) 


For equilibrium between the three forces, the sum of the outward forces 
must be equal to the inward pull, or 

Z 2 -f- Zi = Z\, (22a) 


Inserting the value of Zi and Z^, w'e obtain: 


Z = Z, = - Z* = KT[Lx - 1/L.*]. (23a) 

This is the stress-strain relation we were looking for. Physically, it 
states that the external force balances the difference between the ten- 
sion due to the internal Brownian motion and that due to the internal 
prcssiure. 

The stress-strain relation (equation 23a) holds both for extension 
(L, > 1) and for compression (L, < 1), thus removing an outstanding 
diflSculty of the bundle model. It holds also, of course, for small ex- 
tensions. At large I/», equation 23a has an asymptote which passes 
through the origin. At small Ls, equation 23a has the stress axis as 
its asymptote. 

Figubb 21, curve B, is an experimental stress-strain curve obtained 
at Notre Dame. The circles are theoretical points, as given by equa- 
tion 23a. 

Young’s modulus, E, may be defined as the slope of the stress-strain 
curve. From equation 23a wc obtain : 


E{Lx) = dZ/dLx = AT[1 + 2/L.»]. (24a) 

For Jj, =1,E has the value : 

E(l) = ZKT, (25a) 

which is three times the value: 


P(L.»1) = KT. (26a) 

To see the range of validity of Hooke’s Law, we introduce, instead of 
the relative length, L, the fractional extension or strain b = L — 1. 
Equation 23a becomes: 


Z = KT (1 -I- «) - = SKTell - « + 4/3€»— ] (27a) 
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L 

Figxtrb 21 Curve A True stress vs rdative length for an accelpiated puie gum stock Curve 
B Nominal stress vs rdative length eorrespondmg to Curve A The dashed fine represents the 
as 3 Tnptote of the theoretical curve 


From EQUATION 27a, it follows that, for extensions as small as 5 %, 
there is a 6 % deviation from Hooke's Law. Young's modulus is, of 
course, the same for both variables L and c. 


3. The Thermoelastic Effects for the Network Model 


For the rise in temperature on fast stretching, insertion of equation 
23a into equation 9a yields: 


AT = 


KT 


+ L, — 2) 



(28a) 


The linear thermal expansion coefficient parallel to the direction of the 
stress, a, I , takes on the form: 


a, I = 1/L, 



i ~ ^ 

r ’ L,s + 2 


(29a) 


This expression does not differ significantly from equation 13a, to 
which it reduces for 1. A novel feature, however, is the possi- 
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bility of computing the linear tlicnnal expansion coefficient perpendicu- 
lar to tile direction of the stress: 


= 1 = JL 1 

L^\dT Jz 2T L,» + 2‘ 


(30a) 


In deriving equation 30a, the constancy of the volume of rubber during 
stretching, equation 17a, was used. The possibility of introducing Oj. 
rests on the three-dimensional character of the new network model in 
contrast to the essentially ono-dimensional bundle model. 

Equations 29a and 30a do not contain the cubic expansion coefficient 
of unstretched rubber and, consequently, do not show a thermoelastic 
inversion point. 


4. Generalization of the Stress-Strain Relation to Larger Extensions 

The generalization of our model to larger extensions involves three 
parts: 

A. The contracting force for a single chain must be generalized to 
hold beyond the range of validity of the Gaussian distribution. 

B. An irregular network must be considered and reduced to a form 
in which the expression for the contracting force for a single chain may 
be utilized for the contracting force of the whole network. 

C. The contracting force of the network must be balanced by the in- 
ternal pressure of the rubber liquid and any external forces. 

The result for Part A, the contracting force for a single chain, was 
recorded earlier. It has not as yet been possible to treat Part B in 
the same rigorous fashion as that employed in the case of Gaussian 
chains. Instead of carrying out the reduction from an irregular to a 
regular network, we simply assume that, in the unstretched state of the 
material, each independent chain has an extension equal to k times its 
maximum length. The maximum stretch is thus given by a factor 
1 /k, a quantity which will depend upon the constitution of the par- 
ticular rubber considered, k is an adjustable parameter in our 
treatment. 

Considering again the equilibrium of forces, and using for the con- 
tracting force the three-dimensional result (equation 15a) we obtain: 

Z = K'T^ 1i-KL.K) - 1^]- (31a) 

This relation involves essentially two parameters, the scale factor K' 
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and the new maximum stretch parameter k. When the extension is 
small compared to the maximum, 



(32a) 

Z^ZkK'T^L. 

(33a) 


i.e., EQUATION 81a reduces to the Gaussian expression (equation 23a) , 
with SkK' taking the place of the old parameter K, 

Equation 31a yields an S-shaped stress-strain curve. The occurrence 
of the inflexion point, i.e, of the S-shape, is explained as due to the 
superposition of the effects of the contracting force and those of the 
internal pressure. 

Referred to the actual cross-section, the nominal stress-strain rela- 
tion (equation 31a) takes on the form: 

Z' = K'TILM-KLzk) - Sk/L,]. (34a) 

This true stress-strain curve does not show the S-shape of the nominal 
stress-strain curve. Figuee 6, curve A, shows the true stress-strain 
curve. Curve B is the nominal stress-strain curve. Equation 33a ex- 
plains the S-shape of curve B quite well, and curve A is well described 
by equation 34a. 

5. Influence of the Thermal Expansion on the Stress-Strain Relation 

With the successive refinements introduced up to this point, all of 
the peculiar thermoelastic properties of rubber may be explained, with 
the exception of the thermoelastic inversion point. To explain this 
phenomenon, we must take into account the cubic thermal expansion 
of unstretched rubber, characterized by a coefficient of thermal expan- 
sion, a, defined by the equation: 

V{T) = V{To)[l + aiT - To)]. (35a) 

The previous stress-strain relation (equation 23a) yields zero stress for 
L = 1, i.e., the unstretched state. When thermal expansion is con- 
sidered, the unstretched state is characterized by L* = 1 + q:/3(T — 
To). The previous equation 23a should be changed to: 

Z = Kt\l,- (36a) 


which gives: 

Z = 0, when L* = 1 + oc/Z{T — To). The thermal expansion en- 
ters only into the internal pressure term, and the contracting force (the 
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first teim in the bracket) is independent of a. We emphasize that L„ 
by definition, is independent of a, the original length being at 
T = To. 

Equation 36a predicts a thermoelastic inversion point as the solution 
of the equation: 


fdZ\ l + a(2T-To)^ 

wk ~ w — J- 


(37a) 


Thus, the critical extension at which the stress-temperature curves, 
the isometrics, change their slope is given by the isometric thermo- 
elastic inversion point : 


L.* = 1 + a(2r - To) = 1 + aTofor T = To. (38a) 
Because of the thermodynamic relation. 


^dTjz \BZ)T\dT)i.; 


(39a) 


the isotonic thermoelastic inversion point is identical with the iso- 
metric one. 

From ESQUATioNh 33a and 35a, the linear thermal expansion coefficients 
in the direction of the stress and perpendicular to it, an and aj., may be 
computed. One obtains for T = To: 


aftijjo) 


LAdT/z \T J L,^ + 2'^ L» + 2’ 


(40a) 


and: 


+ W2T) . 


— 1 , a -t- 1 


(41a) 


-f 2 ^ 2 L.s -I- 2' 

In deriving equation 36a, the constancy of the volume of rubber during 
stretching was used, namely: 


V = WL. = l + a{T - To). ■ (42a) 

In the unstretched state L, = 1, we have: 

an (1) = «i(l) = «/3, (43a) 

as for any isotropic material, an changes from positive to negative 
values with increasing Lo, whereas Oj. is always positive. 

The formula corresponding to equation 10 becomes for T= To: 
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According to this formula, AT starts with the value zero at L, = 1, 
reaches a minimum at the thermoelastic inversion point as given by 
EQUATION 38a, then becomes zero for the adiabatic thermoelastic inver- 
sion point, determined by: 

+ L, ~ 2(1 + aTo) = 0, (45a) 

and takes on positive values for higher values of L,. 

The introduction of the cubic thermal expansion of rubber into the 
stress-strain relation (equation 31a) is simple, because only the inter- 
nal pressure is modified. One obtains : 

Z = + «(r- . ?») . ] |^ (46a) 

6. Comparison of the Theoretical Stress-Strain Relations with 

Experiment 

In comparing the theory with experiment, a resolution of the stress 
into its additive parts due to entropy and internal energy has to be 
carried out, both for the experimental results and for the theory. 

In van der Waals’ equation of a real gas, 

p = -a /72 + Rfy « (47a) 

the first term, p{U) = — a/V-, is due to the internal energy U, and the 
second term, p (5) = RT/V — 5, is due to the entropy S, According 
to thermodynamics: 

- - (i),' 

so that: 

P-P^V) + m--{§\ + T(§)^. (49.) 

For a unilateral stress Z, instead of a uniform pressure p, we must 
replace p by — Z (since pressure and stress act in opposite directions) , 
and the volume V by the relative length L, Then we obtain: 

Z.Zm+Z(S)^(^)+T(§\. ( 50 .) 

Using EQUATION 50a in conjunction ■with experimental stress-tempera- 
ture data, vre may calculate Z(17) and Z{S) and plot them as functions 
of L, Using EQUATIONS 50a, 36a and 46a, we obtain as theoretical ex- 
pressions for Z(U) and Z(S) : 
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Z{U) = ^ ; Z(S) 

Z(U) = - ; Z(S) = 


_ / [i + a(2r-ro)n 

- w — / 


(ola) 


K'T^m-^(L,K) - ?l£)]| . ( 52 a) 


For further discussion of the theory and comparisons with experi- 
mental data, the reader should refer to an article by James and Guth 
(J. Chem. Phys, 11: 455. 1943). It should be emphasized, however, 
that, in the case of most synthetic rubbers, the agreement between 
theory and experiment is not as good as it is for natural rubber. 


7. General Theory of Time Elasticity 

Time elasticity shall designate any process in which stresses cause 
deformations with the time element as an important factor. A general 
formalism may be given in agreement with the factorization (equation 
10) by a generalization of Boltzmann^s theory of time elastic processes. 
The fundamental integral equation is (e = L — 1 = strain) : 

Z(t) = FUit)] - /3jr% (« - (53a) 

^ is a (small) constant, — f') is the memory function of Boltz- 

maim. Equation 53a reduces to Boltzmann’s equation, if the instan- 
taneous stress-strain relation, 

Z = F(«), (54a) 

reduces to Hooke’s Law, 

Z = E-t, (55a) 

where the constant E denotes Young’s modulus. 

For relaxation: 

/j\ /ff\ 

«(0 — «(0 ~ = const., f>0. 

Equation 53a reduces to 

Z{t, e) = F(0[1 - = F(e)G'(«), (56a) 


where 




(57a) 
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Equation 56a is identical with equation 10 of section B1. (For sim- 
plicity, we did not indicate, in equation 53a, the temperature as an- 
other variable.) 

For creep, we have to invert oui‘ fundamental equation 53a. For 
short times, this is simple. Then the term with p will be small, and 
terms of order or higher may be neglected. We obtain: 

e(t) = F-ijz(f) -H - t')Z{t')dt'\, (58a) 

and for creep: 

Z(0 - Z(0 - {»• 

(59a) 

Equation 59a yields factorization for creep in the special case of 
Hooke’s Law, where e = {Z) = Z/E, but not in the general case of 

EQUATION 54a. We notice that, had we assumed factorization for 
creep, we would have arrived at a formula different frona equation 58a, 
which would have contradicted equation 53a. Our experiments show 
that, in contrast to relaxation, factorization does not hold for creep. 

All time-elastic phenomena may be derived from the fundamental 
equation 53a. For instance, we can obtain the dependence upon time 
of stress-strain curves obtained at constant rate of loading or of 
stretching. The fast processes of forced or free vibrations may be 
treated, using the same equation as a general frame. 

To determine the memory function, one needs a molecular model. 
The memory function may arise from different mechanisms in dif- 
ferent regions of frequency. The memory function may be expressed 
by a distribution function for “relaxation times.” 

8. Theory of the Retraction of Stretched Rubber 

We consider a uniform elastic rod of length lo, fixed at one end, 
with linear density p in the unstretched state. We assume that Hooke’s 
Law" holds, with Young’s modulus and that frictional forces are pro- 
portional to the rate of deformation. Let a; be a measure of distance 
in the material of the unstretched rod, starting at the fixed end, and 
let xuix) be the displacement of the material corresponding to the in- 
dicated value of r. In the absence of body forces, the behavior of 
the rod in extension and retraction is governed by the wave equation: 
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If the rod, initially, is uniformly stretched with fractional extension c, 
and is released at time ^ = 0, the boundary conditions are: 

du/dx = €, du/dt = 0 for all x t =0, 

16 = 0 for all i at a; = 0, (61a) 

/ = 0 for a; = Zo when t > 0. 


In the limiting case of small friction, / = 0, the solution becomes, with 

v = {E/p)^: 


u{x, t) — tx lo — X > vt, 

u{x, t) = €(Zo vt) k — X < vt < 1, 


(62a) 


According to this solution, a pulse of acceleration arises at the free 
end at the moment it is released, and travels, with respect to the un- 
stretched material, at a rate v; its rate of transmission in space of 
Vp= (fi + 1) Each portion of the bar is stationary until it is reached 
by this pulse. The velocity of the tip of the bar is = — du/dt = ev. 
As the pulse passes over it, the stress is completely relaxed, and the 
material reaches its final velocity ev. When the acceleration pulse 
reaches the fixed end of the material, after time tc = Iq/V) the bar is 
unstretched and in uniform motion at the rate ev, the original poten- 
tial energy is completely converted into kinetic energy. After this 
time, a solution other than equation 62a begins to apply. The wave 
pulse is reflected at the fixed end and a pulse of deceleration begins 
to progress back down the bar. In the case of a rod in which trans- 
verse motion is not prevented, as in the case of a retracting rubber 
band, buckling begins at the moment of reflection of the pulse. 

The first clement of the rod has a very small mass. Applying a 
finite tension, a veiy large acceleration results, and the final velocity 
is attained instantly. This is in contrast to the free vibration of a 
concentrated mass, which always starts with zero velocity. For the 
actual stylus experiments, the velocity starts with zero. This is caused 
by the weight of the stylus and of the unstretched rubber at the free 
end of the sample. 

Going back to equation 60a, let us consider the case involving large 
internal friction. Here, the inertial term can be neglected and the 
solution becomes: 

u(Xjf)^ exer^il^* (63a) 

In tliis case, we neglect the wave pulse and, hence, this equation holds 
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only after the wave pulse has passed down the sample. Here we see 
that, at any given time, the displacement (and also the velocity) of 
any point on the sample is proportional to its distance from the fixed 
end. Also, of course, the sample approaches the unstretched state ex- 
ponentially with time. 

For Butyl rubber, the first part of the elongation-time curve is 
mainly determined by inertia, while, in the last part, internal friction 
predominates. 



MEMBRANE CHANGES DURING EXCITATION 
AND INHIBITION OF THE CONTRACTILE 
MECHANISM 

By S. W. Kxjfpleb* 

Department oj Physiology, University oj Chicago, Chicago, Illinois 

In his introduction, Dr. Sandow referred to our ignorance of the 
chain of events which connect the muscle membrane and the contractile 
elements. The aim of this discussion is to point out at least one ap- 
proach to this question, namely, the relationship between membrane 
changes and initiation and maintenance of contraction. 

There has existed, for a long time, ample proof for propagated muscle 
impulses, and this fact has formed the basis for much experimental 
work (e.g., Young, 1941). More recently, the conditions of excitation 
and propagation have been worked out in detail on completely iso- 
lated single muscle fibers (Kuffler, 1942 a & b). Since several workers 
still hold a contrary view, it must be stressed that there seems to be no 
essential difference in excitation of nerve or muscle membranes. The 
potential changes which lead up to the initiation of impulses, or which 
accompany propagated muscle responses, are similar to those ob- 
served in nerve (Katz, 1939) . 

A. CONTRACTURE IN VERTEBRATE SKELETAL MUSCLE 

The term, contracture, has a variety of meanings, and is used for 
many different states or processes in muscles. For our present pur- 
pose, contracture may be defined as a prolonged, reversible, but not 
propagated shortening of the muscle (Gasser, 1930). 

There are several advantages in studying contractures, as compared 
with the usual twitch-response. The latter cannot be controlled, the 
muscle impulse takes care of the whole cycle and, as it passes along, 
initiates the contraction along the entire fiber. Contractures, however, 
can be regulated, their strength can be graded, the “activation” can be 
stopped at will, and the visible changes, being slow, can easily be ob- 
served under a microscope. Contractures are usually obtained by 
direct excitation, not through the nerve, although, under certain con- 
ditions, local shortening at the neuromuscular junction may follow 
nerve stimulation (Bremer, 1932; Cowan, 1940; Feng, 1941). Con- 
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tractures have been set up in three ways: (ij by constant currents; 
(li) by drugs which produce contractui'es directly on application ; (iii) 
by treatment of muscles with veratrine, which exerts its effect after a 
muscle impulse has been set up. 

Electric recordings from whole muscles showing contractures are 
frequently dfficult to interpret. Whenever twitches and contractures 
occur simultaneously, but in different fibers, the propagated impulses 
may tend to obsem’e the relatively small potentials which accompany 
contractures. Further, if contractures are confined to discrete parts 
of an otherwise inactive muscle, their potentials may easily be over- 
looked. It is, therefore, essential to record accurately from the site of 
contractures. The completely isolated muscle fiber suspended in 
paraffin oil is most suitable for this purpose, as it yields relatively large 
potentials. 

1. Veratrine 

In concentrations as used in a recent study (Kuffler, 1945) , veratrine 
does not affect the resting potential or the electric time constant of the 
muscle membrane. A drop of the drug is placed on a small area (1-2 
mm.) on an isolated muscle fiber suspended horizontally in paraffin oil. 
A muscle impulse then can be set up somewhere along the fiber course, 
and the potential changes under the veratrine electrode are recorded, 
relative to the normal, untreated, muscle part. Passing through a 
veratrinized area, a muscle impulse leaves behind the well-known, 
prolonged afterpotential. When this reaches a critical magnitude, it 
will set up a further impulse which, in turn, initiates another one. In 
this way, a tetanus results, originating at the veratrinized region 
(Kuffler, 1945; also, Feng, 1938). The frequency and number of im- 
pulses depend on the condition of the muscle and on the drug concen- 
tration. Similarly, the development of contractures which generally 
follow the impulses is determined by the same factors. In plate 2, 
FIGURE lA, two consecutive recordings are illustrated. Following the 
initial, electrically produced impulse, a tetanus arises at the veratrinc- 
electrode, reaching a frequency of well over 250 per sec. in plate 2, 
FIGURE lA(b). The propagated impulses gradually decrease in height 
and, eventually, a transition is seen to small oscillatory potentials which 
in turn develop into a smooth maintained potential. During all the 
recordings of plate 2, figure 1, a contracture was observed confined to 
the veratrine-treated region. 

The following question arises: Are the potential changes, which per- 
sist while the contracture lasts, caused by the activity in the contrac- 
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tile system, or do they give rise to the contracture in a similar way 
as the propagated muscle impulse to the normal twitch-like contrac- 
tion? The latter mechanism is suggested for the following reasons: 

a. Similar potential changes, obviously originating in the membrane, 
have been observed in nerve treated with veratrine (Graham and 
Gasser, 1931 ; Acheson and Rosenblueth, 1941) . 

b. In the drug-treated area, there is a gradual transition from propa- 
gated muscle impulses which diminisli in size, to the oscillatoi-y poten- 
tial changes which seem to be “abortive/’ not fully propagated re- 
sponses, as can be well seen in plate 2, figure lA(b) . The latter have 
previously been observed in fatigued or partially refractory muscle 
(Kuffler, 1942 a) and during curarization (Eccles and O’Connor, 1941 ) . 
These abortive impulses arise at a similar threshold as the previously 
propagated impulses, and again a gradual transition occurs, now^ to 
the smooth maintained negative potential. It is suggestive that the 
same process which causes the initial membrane depolarization, lead- 
ing up to propagated responses and to the associated contraction, also 
causes the subsequent potentials giving rise to partially and non- 
propagated contraction, t.e., contracture. 

c. There is a definite relationship between the potential size and 
the threshold for muscle shortening. This threshold, however, does 
not appear to be as critical as for propagated responses, since it is diffi- 
cult to detect the first visible sign of contractures (see also section B). 

d. A similar sequence of events has been observed at the cathode of a 
prolonged current pulse. There is little doubt that, in this case, the 
muscle contraction arises subsequently to the membrane changes which 
appear immediately on current application (Kuffler, 1942 b). The 
“cathodal contracture” lasts for the approximate duration of the ap- 
plied current which causes the membrane negativity during its flow. 

2. Contractures Set Up by Drug Application 

Unlike veratrine, drugs like acetylcholine (ACh), nicotine, caffeine 
or KCl cause membrane changes directly on application. While the 
latter is effective anywhere on the muscle, the other drugs show a se- 
lective excitatory action on the endplate regions (Kuffler, 1943). 
Plate 2, figure 2a illustrates potentials recorded from the neuromus- 
cular junction while ACh was applied. A relatively slow depolariza- 
tion, caused by the drug, sets up at a critical threshold propagated im- 
pulses. Again, there is a transition to a few “abortive” responses and 
to the maintained negative potential associated with contracture. The 
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same concentration of ACh, if applied to an cndplate-free portion of 
the muscle, would be ineffective. 

In experiments in which contractures were set up by direct drug ap- 
plication or by constant cmTent pulses, it was convenient to soak the 
muscles first in novocaine solutions (0.1 to 0.6 %). These concen- 
trations did not reduce the resting potential and did not change the 
electric time constant of the membrane as tested by constant currents. 
At the same time, novocaine prevents the setting-up of propagated im- 
pulses and contractions, while the thresholds at which contractures first 
appeared did not seem to change appreciably (Kuffler, 1946). 

3. Inhibition of Contractures by Applied Currents 

The inhibitory effect of anodal cmTcnts is well known in nerve and 
muscle physiolog}". Biedermann (1895) reported that veratrine con- 
tracture could be inhibited at the anode of a constant current. Bremer 
(1932) and Gelfan (1933) caused relaxation of contractures which fol- 
lowed indirect or direct muscle stimulation. 

If prolonged contractures are set up by drug application (plate 2, 
FiGUEE 2), an applied anodal current relaxes the contracture, which 
then redevelops on withdrawal of the current. Conversely, cathodal 
currents will augment the drug-contracture (Kuffler, 1946) . 

These experiments again suggest strongly the role of the membrane 
in initiating and maintaining contractures. Apparently, the anodal 
current tends to restore the membrane to its original polarized state, 
thereby removing the stimulus which had caused the contracture. On 
cessation of the repolarization at the anode, the original action of the 
drug (KCl or ACh in plate 2, figure 2), which had been “neutralized^' 
during the current flow, reasserts itself by depolarizing the membrane 
again. This then causes a return of the contracture. 

B. ISnEUROMUSCULAR EXCITATION AND INHIBITION 

The neuromuscular system of crustaceans offers some striking ad- 
vantages for the study of excitation and inhibition of the contractile 
elements. (i| Local contractions occur in crustaceans, and a great 
deal of the normal activity seems to proceed without propagated 
muscle responses. Further, the local contractions can be accurately 
controlled by varying the frequency and number of nerve impulses, 
(ii) Crustacean muscles are supplied by antagonistic nerve fibers hav- 
ing an excitatory and inhibitory effect (Harreveld and Wiersma, 1939) . 

Only a brief account on neuromuscular excitation will be given here. 
For details see Katz and Kuffler, 1946. 
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1. Excitation 

In crustacean, as in vertebrate, muscles, the motor nerve impulse 
sets up an cndplate potential te.p.p.) at the neuromuscular junction. 
In normal vertebrate muscle, the excitatory role of the e.p.p. consists 
in setting up tlie propagated muscle impulse, which then causes the 
propagated contraction. E.p.p.’s alone in curarized muscles (Eccles, 
Katz, and Kuffler, 1941) do not excite the conti’actile elements. Under 
certain conditions, however, neuromuscular contractions have been ob- 
served (Cowan, 1940; Feng, 1941), especially in eserinized prepara- 
tions where the e.p.p. is large and prolonged (Eccles, Katz, and Kuffler, 
1942). 

The electrical responses of cmstacean muscles resemble partially 
curarized vertebrate preparations. In crustaceans, however, distinct 
mechanical responses accompany a seiies of e.p.p.’s. A definite cor- 
relation has been found between the activation of the contractile ele- 
ments and the size of the c.p.p.’s. The size of individual e.p.p.’s varies 
greatly in different muscles. Fui'ther, with repetitive stimulation, suc- 
cessive e.p.p.’s in many muscles continue to grow in amplitude. The 
degi'ee and time course of this “facilitation” also vary greatly. De- 
pending upon the initial size and rate of growth of successive e.p.p.’s, 
“fast” and “slow” systems can be distinguished (Katz, and Kuffler, 
1946). 

Propagated impulses can be set up in “slow” and “fast” (plate 3, 
FIGURE 3) muscles, whenever e.p.p.’s have grown or summed to a 
threshold level. Excitation in a “slow” muscle (opener of crayfish 
claw) is illustrated in plate 3, figure 4. Stimulation at 67 p. sec. 
causes development of tension at a low rate, due to local shortening at 
the neuromuscular junction. The e.p.p.’s increase slowly to a steady 
small amplitude (plate 3, figure 4a) . When raising the frequency to 
137 p. sec., the individual e.p.p.’s increase rapidly, and, at the same 
time, suminaition occurs. Although no propagated responses were set 
up, considerable muscle tension developed at a rapid rate (plate 3, 
FIGURE 4b) . Furtlier increasing the stimulating frequency to 160 p. sec. 
sets up a propagated muscle response. 

2. Inhibition 

The simplest preparation for the study of inhibition is the opener 
muscle of the crayfish claw, which is innervated by one motor and one 
inhibitory fiber. There are two different mechanisms by which muscle 
contractions can be inhibited: 
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a. a-action {electrical inhibition): The electrical response of the 
muscle is reduced to a variable extent, depending upon the relative 
time of arrival of the inhibitory and motor impulses at the neuromus- 
cular junction. If the inhibitory impulse precedes the excitatory by 
several msec, at a steady stimulation of 50 per sec., the e.p.p.’s may 
be reduced as much as 70 to 80 % (plate 3, figtjhe 5 A^), B(j)). 
As the interval between the two nerve impulses is increased, the a-effect 
diminishes gradually (cf. Marmont and Wiersma, 1938). Since the 
local contractions at the neuromuscular junctions are determined by 
the e.p.p. size, it is clear that the a-action will reduce or prevent con- 
traction. 

b. p-action {direct mechanical inhibition) : However, even if the in- 
hibitory nerve impulse arrives at the neuromuscular junction too late 
to affect the preceding e.p.p., and too early to reduce the following 
one, it will still abolish contraction which normally follows motor nerve 
stimulation (plate 3, figxjee 5 B(s)). This important effect was 
discovered by Marmont and Wiersma (1938). It is, thus, possible to 
inhibit “excitation” of the contractile elements without altering the 
membrane potential. Tliis applies only to local neuromuscular con- 
tractions. There is good reason to believe tliat inhibitory and motor 
nerves end in close proximity, and it seems that the inliibitory effect 
is confined to the neuromuscular region. There is no evidence that 
an already propagating muscle impulse and its associated contraction 
can be inhibited. (For details of a and j8-action, see Kuffler and Katz, 
1946). 


DISCUSSION 

Gradation of Muscular Contraction in Vertebrates and Crustaceans 

Crustaceans, with one or a few motor nerves supplying whole muscles, 
can grade their muscular reactions in even finer steps than vertebrates 
with ample ner\'e supply, (i) The intensity and speed of local con- 
tractions in muscle fibers depend on the rate and the size of e.p.p.’s 
built up at the junctions. Not only does an increased number of 
stimuli increase the size of the individual potentials at a given region, 
but also a larger area becomes involved by electrotonic spread. Thus, 
facilitation and summation of local processes itself provide a wide 
range of activation at myoneural junctional regions, (ii) Apart from 
local gradation of contractions, propagated impulses can be set up at a 
variable rate in a variable number of muscle libers. These, again, are 
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regulated by the number and frequency of nerve impulses (plate 3, 
PIGUHB 4) . 

By a combination, therefore, of summation of local graded responses 
and by facilitation of propagated impulses, very fine adjustments of 
muscular activity can be effected. In addition, the crustaceans have 
at their disposal the inhibitory mechanism. 

In vertebrate muscles, on the other hand, the muscular contraction is 
graded in relatively large steps, by the all-or-none responses of motor 
units. Although the contractile elements of voluntary vertebrate 
muscle are capable of graded contractions, as in crustaceans, normally 
they are maximally activated by tlie individual muscle impulses (Hill, 
1938; Gerard, 1941; Brown, 1941; also discussed by Katz and Kuffler, 
1946 J . Only when the threshold of the muscle membrane for propa- 
gated impulses is increased by drugs or by fatigue, can tlie action of 
local potentials become effective. The situation seems different when 
stimulation is done with microelcctrodes. The earlier observations on 
graded responses, by Gelfan and Gerard (1930), and Gelfan and 
Bishop (1932), were probably due to excitation of a small membrane 
area not large enough to set up propagated impulses. In the ab- 
sence of accurate recordings from the region of those contractions, pos- 
sibly from the stimulating cathode (Kuffler, 1942, Figure 11), it may 
not be justified to conclude that no membrane changes occun-ed. 

Whether produced by nerve impulses or by applied catelectrotonic 
potentials, responses of the muscle system seem to depend on the state 
of the membrane. The local contractions are the result of local poten- 
tials, both being capable of gradation; the propagated contractions set 
up by the muscle impulses, however, are the result of an intensive, 
probably maximal activation, which cannot be graded. 

Action Currents and Contractile Elements 

It seems to be widely assumed that the muscle membrane initiates 
the processes in the contractile elements by way of action currents 
which arc produced during the impulse or during depolarization in gen- 
eral. From the study of contractm-es, it appears that action currents 
are not necessarily the essential link. "When contractures are produced 
by application of drugs, the membrane resting potential is reduced, 
and the area becomes relatively negative to the rest of the fiber. The 
TTinin direction of current flow in such a case will be from the normal 
positive area into the negative region of contracture. This current 
does not cause the contracture, since further addition to it in the same 
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direction, by making it the anode of a constant current pulse, will in- 
hibit the contracture. Further, in a muscle which is entirely im- 
mersed into a contracture-producing solution, the whole membrane will 
be simultaneously depolarized. It is clear that, in such cases, no cur- 
rent flow from the “normal’’ to a depolarized region can occur. It 
seems that the essential condition for the initiation of processes in the 
contractile mechanism, is the ‘^removal” of at least part of the mem- 
brane (within a certain time) . This can be done at the cathode of a 
constant current, or by chemical means. Any process restoring the 
membrane, e.g., an anodal pulse, will also cause relaxation, since it 
removes the condition which, in the first place, started the process. 
The depolarized state is apparently also necessary for the mainte- 
nance of the contracture. Therefore, “cathodal contractures” last 
for the approximate duration of the current flow, and chemical con- 
tractures (plate 2, FIGURES 1 and 2) last for the duration of the 
membrane changes. The question of wdiat the link is between the 
membrane and the contractile elements, naturally arises. At present, 
only speculation seems possible. One may think, for instance, of a 
similar arrangement to that found in crystals, f.e., the existence of an 
energy level system as suggested by Szent-Gyorgyi (1941). In crys- 
tals, removal of some electrons would throw the remainder of the sys- 
tem into activity. The question as applied to a biological system 
would be: How is the energy liberated by one molecule communicated 
to a greater number of similar molecules? Such a scheme again raises 
difficult questions which could not be explained without further knowl- 
edge of the molecular pattern in muscle. 

A possible clue in the search for the meml)rane-contracti]c system 
link may come from tlie study of nervous inhibition of contraction. 
By interfering between the membrane and the contractile elements, 
the inhibitory impulse, if suitably timefl, may prevent the normal 
excitatoiy^ effect of a potential change (plate 3, figure 5B(j)). Here, 
for the first time, it was possible to separate the membrane changes 
from the contractile elements (Marmont and Wiersma, 1938). Such 
inhibition, however, applies only to local, non-propagated potentials 
around the neuromuscular junction. Propagated muscle impulses 
without contraction have not been observed (Kuffler and Katz, 1946). 

This inhibitory action is, at present, quite mysterious. The inhibitory 
nerve impulse is conducted in a way similar to the motor impulse. 
Although it ends in close proximity to the endplate and, in addition, 
probably penetrates the membrane, as indicated by its effect, it does 
not cause a potential change. 
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SUMMARY 

The role of the muscle membrane in bringing about and maintaining 
activity of the contractile elements is discussed. 

Evidence is presented that the muscle shortening is set up by the 
membrane changes. Contractures, like propagated contractions, are 
initiated after a sufficient depolarization has been obtained. No es- 
sential difference is seen between the mechanism setting up both 
processes. 

In vertebrate muscles which give contractures, and in crustacean 
muscles, a correlation is found between the extent of membrane poten- 
tials and the activity of the contractile system. 

The inhibition of contractures by nerve impulses in crustaceans and 
by current pulses in vertebrate muscles, is discussed. 

It is suggested that action currents are not the essential link which 
transmits “excitation"' between the muscle membrane and the contrac- 
tile elements.* 
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Plate; 2 

Figure 1. Electric potential changes recorded from three different prepara- 
tions containing two muscle fibers. A small drop of veratrine (concentration 
10'® and 10*®) was applied to the region in contact with one recording electrode. 
Then the muscle fibers were electrically stimulated, and the impulses passing over 
the veratrinized region initiated a senes of discharges which were recorded at the 
site of their origin. 

A. (a) and (b), recorded at an interval of half a minute. The two muscle fibers 
discharging almost simultaneously. One fiber ceases to discharge abruptly, while 
the other fiber continues to set up small responses which do not reach the second 
recording electrode. The following smooth negative potential may persist for 
several seconds. 

B. Note the ^adual decrease of the muscle spike height in the veratrine region 
while the diphasic component remains constant. 

C. The first two potentials are set up by stimulation of the muscle fibers at an 
interval of 8 msec. At the veratrine region, they initiate three fully propagated 
responses and some abortive impulses. fFrom Kuffler, 1946.) 

Figure 2. (a), recording from the region of local application of 10"® ACh to 
several muscle fibers. Note the small local responses following the propagated 
muscle impulses. The maintained negative potential is accompanied by con- 
tracture. (b), potential change in two muscle fibers set up by 0.6% KCl pro- 
ducing contracture. The apparent potential decay is due to the relatively short 
time constant of the amplifier. (From Kuffler, 1946.) 
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Plate 3 

Figure 3. “Fast” system. E.p.p.^s and propagated impulses recorded from 
junctional focus of extensor of the carpopodite. “Strip” preparation, innervation 
restricted to several muscle fibers. Both electrodes on strip. Nerve stimulation: 
intervals between shocks, successively from above, 24, 12, 9.6, 8 , 6.4, and 4.8 msec. 
Note propagated spikes taking off at about 4 mV. Abortive spike at 9.6 msec, 
interval. (From Katz 85 Kuffier, 1946.) 

Figure 4. “Slow” ^stem. Opener of claw. Recording from a junctional 
focus. Nerve stimulation. Lower record, 57 per sec. (a), initial stimuli; (a, 1), 
after 05 sec. continual stimulation. Note intramuscular nerve spike of uniform 
size precedes e.p.p. (b), 135 per sec. (c), 160 per sec. Initial spike followed by 
local “plateau.” (From Katz 66 KufHer, 1946.) 

Figure 5. Opener of claw, recording from junctional focus of exposed muscle. 
Stimulation at 60 per sec. A, (1) Motor nerve stimulation alone, accompanied 
by contraction, (2-4) Motor and inhibitory stimuli at different intervals (no 
contraction). Position of last inhibitory nerve spike is indicated by dashes. 
Maximum (K-action at (4). (5) Inhibitory nerve stimulated alone. Note small 
spike indicating arrival of inhibitory nerve impulse at junctional region. 

B. (1) Inhibitory stimulation only. (2) Inhibitory ner\’'e impulse precec^g 
motor impulse by several msec. (3) No appreciable a-action, mechamcal inhibi- 
tion complete. (4) Motor stimulation only (contraction). Inhibitory nerve 
spikes shown by dashes. From Katz 66 Kuffler, 1946.) 
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BIREFRINGENCE AND ULTRASTRUCTURE 
OF MUSCLE 

By Ebwst Fischee 

Baruch Center of Physical Medicine, Medical College of Yirginia, 
Richmond, 

Birefringence, electron microscope, and x-ray diffraction studies 
offer three independent approaches to a visualization of the ultrastruc- 
ture of the muscle. The structural basis of the muscle machine is of 
the utmost importance for any theory of the contractile mechanism. 
The dynamics of the contractile mechanism, in regard to elastic prop- 
erties and tension production, have been discussed in the preceding 
papers (Ramsey, 1947; Gilson et al, 1947) . Proposed visualizations of 
the muscular ultrastructure derived from any of the three approaches 
mentioned above should not be contradictory to one another, and 
should satisfy the known dynamics of the muscle. 

X-ray diffraction and electron microscopy are methods developed 
only recently, and the results derived from those methods on muscles 
will be discussed in the following paper by F. 0. Schmitt and co- 
workers (1947). The physical phenomenon of double refraction or of 
birefringence, as it is more often called nowadays, has been well known 
since the classical investigation of Huygens (1690), in the last quarter 
of the 17th century. Nevertheless, it was only in 1858 that the fact 
that muscle is birefringent was discovered by E. Brucke. The latter 
explained this birefringence by the existence, within the muscle, of sub- 
microscopical elongated particles arranged parallel to the long axis of 
the muscle, particles which have a higher refractive index than the 
surrounding phase. Under the influence of Nageli’s general theory of 
biological submicroscopical units, these hypothetical particles in the 
muscle have been called micellae. Birefringence of such an origin as 
assumed by Brucke is called today form birefringence or birefringence 
of a composed body, and the mathematical relation between sign and 
strength of birefringence and certain spatial and optical conditions of 
the micellar pattern has been developed by Wiener (1909, 1912) and 
tested experimentally for various non-biological material by Ambronn 
(1916, 1917, 1919). According to these studies, the birefringence, as 
observed on muscle, can originate from two different micellar patterns. 
In both, the long axis of the micellae are arranged parallel to the long 
axis of the muscle, but in one of the patterns the micellae are rodlets, 
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while in the other they are thin platelets. Incidental evidence favors 
strongly the assumption of rod-shaped micellae, but the cross-section 
of such an elongated micella is not necessarily an exact circle. 

W. J. Schmidt (1924a, 1937) and others realized that many biological 
objects also exhibit birefringence due to a true crystalline structure, 
and that, in some objects with a micellar pattern, the total birefrin- 
gence observed is due to form birefringence, as well as to crystalline 
birefringence, caused by the anisotropic molecular structure of the 
micellae themselves. As we will see later, muscle belongs to this 
class of biological objects. 

Total birefringence in its sign and strength is easily determined, by 
compensation methods, as the phase difference between polarized light 
waves passing through planes parallel to the longitudinal axis of the 
muscle and the light waves passing through planes perpendicular to 
the former. Since this phase difference increases proportionally with 
the thickness of the material, birefringence is measured as phase dif- 
ference per mm. thickness of the material under investigation. In cal- 
culating the birefringence of a muscle, tlie error in the determination 
of the thickness is often distinctly larger tlian tlic error in the deter- 
mination of the observed phase difference. 

Birefringence observations on skeletal muscle are complicated by 
the fact that its fibers are built up by sarcomeres consisting of two 
discs of different optical properties, thus causing the cross-striation. 
Contrary to the general statement in most text-books, the so-called iso- 
tropic disc is not truely isotropic but is slightly birefringent, while the 
anisotropic disc is highly birefringent, as shown by W. J. Schmidt 
(1934, 1935) . To avoid the complications due to the cross-striation of 
skeletal muscle, many of the birefringence investigations were per- 
formed on smooth muscles. 

From the measurements of total birefringence of living smooth and 
striated muscles (see table 1), it becomes evident that the ultrastruc- 
ture of smooth muscle is similar to, but not identical with, the ultra- 
structure of the anisotropic disc of skeletal muscle. The birefringence 
of striated muscle is only very little increased by elongation beyond 
that length at which all fibers are apparently straight and parallel. 
Buchthal and Knappeis (1938) have shown this for isolated fibers of 
the frog, and Fischer (1944) for the rectus abdominis of the mouse. 
However, elongation considerably increases birefringence in smooth 
muscles of invertebrates (Fischer, 193Ga, 1938; Bozler and Cottrell, 
1937) and of mammals (Fischer, 1944). Due to this distinct depend- 
ence of the birefringence of smooth muscle on the length, any exact 
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Tablb 1 

Total Bibefbingencb in lO"* op SoRViviNa Striated and Smooth Muscles 


1 

Spccios 1 

Striated muscle 

Smooth muscle 

dogi 

sartorius 

2.60 

intestinal muscle 

2.92 


rectus abdominis 

2.57 

retractor penis 

3.33 

moused 

rectus abdominis 

2.57 


frog ^ 

sartorius® 

1.70 



sartorius^ 

2.24 




sartorius® 

2.50 



snail^ 



retractor 

2.00 

Phascolosoma 



retractor* 

1.90 




retractor® 

2.65 

Thyone^ 



retractor 

1.55 


^FlBoIiec, 1944; >Bii«litlial ft XsappelB, 1938; ‘Bbner, 1832; *Bozlsr B Cottralli 
1937; ‘fiBoliex, 1938. 


comparison between birefringence of smooth and striated muscle is 
difiScult (see FiGxntE 1). 

The relation between muscle length and birefringence is complicated, 
in smooth muscles, by their tonic and plastic properties, in conse- 
quence of which, no fixed relation between muscle length and tension 
exists. That birefringence is apparently dependent on length and on 
tension for invertebrate smooth muscles, can be clearly demonstrated 
in experiments with alternating stretching and releasing of the muscle 
with increasing loads (Fischer, 1938). Retractor muscles of Phascolo- 
soma, a marine w'orm, with the cerebral ganglion still attached, or re- 
tractor muscles of Thyone, a holotliurian, are especially suitable for 
such experiments, since these muscles relax tlicir tonus rather slowly 
after preparation. Tlierefore, it is possible also to measure birefrin- 
gence for relatively short muscle length. If invertebrate smooth 
muscle preparations with no or little tone are stretched at a slow rate, 
birefringence increases with length exactly as birefringence increased 
for the released condition in the experiment of figure 1, A and B (Boz- 
Icr and Cottrell, 1937; Fischer, 1938). Bozlcr pointed out that bire- 
fringence of the relaxed retractor of the snail increases linearly with 
the square root of the muscle length. This relation seems to be true 
for all invertebrate smooth museles, as far as yet tested, and, as Bozlcr 
emphasized, this relation could be accounted for, if the elements caus- 
ing birefringence were arranged in surfaces. However, this relation 
between birefringence and muscle length does not hold true for mam- 
malian smooth muscle, such as tlie retractor penis of dogs, for which 
the bircfiingence increase witli stretch is considerably less tlian tliat 
demanded by the square root rule. As mentioned before, the increase 
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Figube 1. Rdation between Iragth and birefrmgence: A for retractor of Phascolosoma (a marine 
worm), under tension (loaded), and under no tension (rdeased) ; B for retractor of Thyone (a 
holothurian), under tension (loaded), and under no tension (released); C for the smooth retractor 
penis of the dog and for tlie stnated rectus abdominis of the mouse (values left of the arrows 
measured after activation by electrical stimulation, st, or by epmephrine, epi; D for crepe rubber 
(accordmg to Treloar, 1941). 


in birefringence with length for striated mammalian muscle is still 
smaller than for the mammalian smooth muscle. 

All recent investigators agree that, during isotonic contraction, total 
birefringence of both smooth and striated muscles diminishes consid- 
erably during shortening and returns to initial values during relaxation. 
Under isometric conditions, appreciable birefringence decreases occur 
for striated muscle at low initial length. The time course of the 
birefringence change corresponds exactly to the mechanogram (Bozler 
and Cottrell, 1937) . This decrease in birefringence during contraction 
becomes smaller and smaller with increased initial length, so that, 
finally, for a very much stretched muscle, the birefringence decrease 
is very pmall and diflScult to measure. According to records published 
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by von Aliiralt (1932), the isometric birefringence decrease at low 
initial length is a thrcc-phasic variation: a quick decrease during the 
beginning of tension development, a partial return and maintenance 
of an only slightly decreased birefringence, and a second quick de- 
crease duiing relaxation, with return to tlic initial birefringence about 
the time relaxation is completed. However, his observations could 
not be confirmed, and were probably due to the use of the pelvic end 
of the sartorius, since tlie sarcomeres of the pelvic end show, during 
a single isometric twitch at low initial tension, alternatingly, shortening 
by their own contraction and elongation by stretch from other stronger 
parts of the same muscle (Fischer, 1926; Sandow, 1936). Buchthal 
(1940) reported for single cross-striated fibers that the decrease in 
birefringence during isometric contraction shows even three maxima 
of equal heights at about 15, 40, and 60 msec, after single stimulation. 
However, no description of the method employed and of the mechan- 
ical conditions has yet been furnished by Buchthal, and it is impossible, 
therefore, to evaluate this report. 

For smooth muscles, probably due to their larger extensibility, it is 
much easier to demonstrate that, with increasing resting length, the 
birefringence decrease during isometric contraction diminishes. It is 
well established that smooth muscles at high initial length show no 
decrease of birefringence during isometric contraction and even that, 
occasionally, small increases are observed (Fischer, • 1936a, 1944; 
Bozler and Cottrell, 1937). It must be pointed out here that these 
increases are so small that they could be simulated by the errors 
in the determination of the thickness of the resting and stimulated 
muscles. However, statistical evaluation, from my own material, of 
all data for isometric contraction at maximal length reveals, on the 
average, an increase of 2.3 ± .5fo, which is statistically significant. 

All these measurements of total birefringenee on living muscles are 
more or less in agi’eement with the results of x-ray diffraction studies, 
if we assume that the observed birefringence is crystalline bhefringence 
as defined earlier. The main factor governing the degree of orientation 
of the molecular space-lattice is muscle length. In striated muscle, maxi- 
mal orientation is nearly reached at normal length, and further stretch 
perfects orientation of the molecular chains very little, while elonga- 
tion of the muscle is mainly due to slipping of structural units. Ten- 
sion development affects birefringence mainly by its influence upon 
muscle length. Only in invertebrate smooth muscle where, apparently, 
no sliding of chain molecules can occur at maximal length, can a weak 
photoelastic effect be produced by tension. The small influence of 
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stretch upon the birefringence of muscle is in contrast to the distinct 
increase in birefringence of rubber. According to Treloar (1941) , this 
birefringence increase of rubber, which is beyond a minimal length 
proportional to elongation (figube ID), is caused mainly by increased 
crystallization due to the elongation. 

Schmidt (1924b) developed an imbibition method which enables one 
to find out, even for biological objects, how much of the total bire- 
fringence is due to form birefringence and how much is due to crystal- 
line birefringence. This method can be used only on fixed muscles. 
With a careful choice of the fixation fluid, the difference between the 
total birefringence, measured before and after fixation of smooth and 
striated muscle, is negligible (Noll and Weber, 1935; Fischer, 1936a, 
1938, 1944) . There is no doubt that the muscle fibers shrink somewhat 
with even the best fixation method, and the apparently unchanged 
birefringence is due to a simultaneous decrease in anisotropic orienta- 
tion which just compensates for the increase in birefringence due to 
shrinkage. The principle of the imbibition method consists of re- 
placing the natural surrounding phase of the micellae by fluids of vari- 
ous refractive indices. Form birefringence is abolished as soon as the 
micellae are surrounded by a phase with the same refractive index as 
that of the micellae themselves. Form birefringence becomes apparent 
again for fluids with higher refractive indices than the micellae. If 
the birefringence for any material does not become zero for any im- 
bibition fluid, but assumes only a minimum with a certain fluid, tliis 
rest birefringence must be caused by tlie crystalline birefringence of 
the micellae themselves. 

That the application of such an imbibition method to fixed muscles 
gives reproducible results, is rather astonishing. Taking these results 
at their face value (table 2), they would indicate that our previous 
assumption that total birefringence is caused only by the molecular 
space-lattice is incorrect. The results indicate clearly a micellar pat- 
tern for the muscles. However, the reproducibility of the results of 
the imbibition investigation on muscle should not be taken as an as- 
surance that their interpretations are as unambiguous as the inter- 
pretation of imbibition experiments with inorganic material (Ambronn, 
1916, 1917, 1919) . ^^^latever the correct interpretation might be, the 
results indicate clearly that the various muscles, as well as the arti- 
ficial myosin thread, must have an ultrastructure which, in its main 
features, is tlic same for all of them and varies only in minor details. 
If we use the interpretation of Ambronn, the ratio form to crystalline 
birefringence is somewhat higher for striated muscle than for smooth 
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Table 2 

BmEraiNGEXcB Values in 10"* 


Material 

Total 

bire- 

fringence 

Form 

bire- 

fringence 

Ci^'stalline 

bire- 

fringence 

Refractive 
index of 
micellae 

Myosin thread^ 

3.5 

1.9 

1.6 

1.56 

Sartorius, frog® 

2.4 

1.6 

.8 

1.57 

Gastrocnemius, rat* 

2.4 

1.5 

.9 

1.57 

Rectus abdominis, mouse* 

2.6 

1.8 

.8 

1.57 

Sterno-hyodeus, dog* 

2.5 

1.7 

.8 

1.57 

Retractor penis, dog® 

3.2 

2.3 

.9 

1.55 

Intestinal muscle, dog® 

2.7 

1.8 

.9 

1.55 

Retractor, FhaacoloBoma^ 

2.6 

1.4 

1.2 

1.52 

Retractor, Thy<m^ 

1.9 

1.2 

.7 

1.52 


> Weber, 1933; >iroU & Weber, 1933; •riseber, 1944; ^risoher, 1936a; •riscber. 


muscle in general. The refractive index of the micellae is lower for 
smooth than for striated vertebrate muscles. The lower value of 1.55 
for the smooth vertebrate muscles is, however, still higher than that 
of 1.52 found for invertebrate smooth muscles. These differences 
might indicate either differences in the myosin of the various muscles 
and/or differences in tlie molecular arrangement of the myosin chains 
inside the micellae. The relatively high value of 1.2 for the crj’stal- 
line birefringence of the Phascolosoma retractor miglit be due to the 
fact that this muscle is the only one of table 2 which contains some 
paramyosin, according to Schmitt et al. (1947) . It is possible to cal- 
culate roughly, from the absolute value of form birefringence and 
from micellar refractive index, tlie theoretical volume percentage of 
the micellar phase (Wiener, 1909; Bear ef al., 1937). This value is 
7 per cent for the retractor penis, 6 per cent for tlie gut muscles of the 
dog and for the smooth Phascolosoma retractor, and 3 per cent for 
mammalian and frog striated muscles, as well as for the smooth Thyone 
retractor. From Noll and Weber’s investigation (1935) it is obvious, 
however, that these figures represent only minimum values for the 
micellar voliune, since, in the case of muscle, the penetration of the 
imbibition fiuid is apparently not completely restricted to the inter- 
micellar spaces, but advances somewhat into the micellae themselves. 

With this imbibition method, also, the influence of stretch and short- 
ening on the two components of total birefringence can be determined 
on suitable muscles (Fischer, 1936a, 1938, 1944). However, in eval- 
uating such experiments, one must keep in mind that the muscles are 
not fixed in a true resting state nor in true contraction, but in a state 
of weak contracture. For invertebrate smooth muscle, elongation be- 
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yond resting length increases total birefringence, mainly due to an 
increase of form birefringence. From this, the conclusion can be 
drawn that, in the muscle at normal length, the micellar arrangement 
is not optimal for form birefringence, but improves with elongation, 
while the molecular orientation inside the micellae is only little im- 
proved by stretch. The decrease in total birefringence observed in the 
shortened state is due to almost complete disappearance of form 
birefringence, while crystalline birefringence is more than halved. 
From the results of such measurements on a series of comparable mus- 
cles, birefringence-length diagrams can be constructed (figuee 2). 
For all smooth muscle, as far as yet investigated, crystalline birefrin- 
gence of the micellae increases slightly, more or less proportionally 
with length, when elongated beyond a certain minimal length, while 



Figubb 2 Total form and crvbtalline birefringence in relation to musde length* A for retrac- 
tor of Phaacolosoma; B for retractor of Thyme; C for smooth retnetor perns of the dog; D for 
stnated rectus abdominis of the mouse 
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form birefringence increases at a higher but steadily declining rate. 
Elongation of striated muscles beyond normal length increases crystal- 
line birefringence more distinctly than form birefringence This dif- 
ference between smooth and striated muscle might be interpreted as 
due to the larger plasticity of the smooth muscles. In the latter, the 
micellae are more movable than in the striated muscles, and elonga- 
tion of the whole muscle improves, therefore, the molecular orientation 
of the micellae much less in smooth than in striated muscles. 

Smooth and striated muscles fixed at a length shorter than a minimal 
critical length show a great loss in birefringence, which is caused by a 
strong diminution in crystalline as well as in form birefringence. This 
is best interpreted as a shortening of the micellae to a rather spherical 
shape, without complete disorientation of the intra-micellar molecular 
space-lattice. The data of such birefringence observations, in con- 
junction with data from other investigations furnishing estimates for 
probable dimensions of the micellae and for the intra-micellar dis- 
tances, have been utilized to construct hypothetical schemes of the 
micellar pattern for various muscles at different conditions (Hiirthle, 
1931; Fischer, 1936b). 

Such schemes have rather limited values, not only since some of 
their details are based on rather rou^ estimates of dimensions, but 
mainly because the whole assumption that the muscle represents a true 
“composed body” is questionable. Jordan (1935) emphasizes rightly, 
in his discussion of the viscous and plastic properties of invertebrate 
smooth muscles, the structural and viscous character of the inter- 
micellar medium. The x-ray diffraction data and the electron micro- 
scope observations indicate, also, that the ultrastructure of the muscle 
is much more complex than a simple micellar pattern, according to 
which bundles of myosin molecule chains forming micellae are sus- 
pended in a surrounding phase free of any structure. The possibility 
that the rodlets are interconnected by anastomosing chains has been 
emphasized by Schmitt (1941). 

The electron microscope photographs of single striated muscle fibrils, 
published recently by Hall et al. (1946), demonstrate clearly that the 
myofibrils are formed by bundles of myosin filaments extending con- 
tinuously and in relatively straight lines through both the isotropic and 
the anisotropic disc. The filaments, despite a few interconnecting 
anastomoses, separate laterally and adhere to one another only at the 
region of the Z and of the M membranes. In the birefringence studies 
with the imbibition methods, the fluids are apparently able to penetrate 
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between these myosin filaments, thus permitting one to measure the 
birefringence of the filaments themselves as “crystalline” birefrin- 
gence. The width of these filaments ranges from 50 to 250 A, which 
is the same order of magnitude as assumed in the various hypothetical 
micellar schemes. Although the myosin filaments have an indefinite 
length in the myofibrils, there is no doubt that myosin molecules 
bundled together as micellae can be easily ejdracted from muscle 
(Weber, 1939; Hall et aZ., 1946) . The x-ray diffraction pattern of such 
extracted myosin spun into threads is simpler than that of fresh muscle 
(Astbury and Dickinson, 1940) . However, the fact that myosin can 
be extracted in micellar form indicates, at least, a certain predisposi- 
tion of the ultrastructure of the muscle to break down in such a way 
that circumscribed bundles of myosin molecules are readily released. 
Astbury and Dickinson (1940), pointed out that, according to their 
x-ray studies, a concept essential for the proper understanding of the 
elastic properties of biological fibers and similar long chain synthetic 
products, is the alternation of better organized parts and less organized 
parts caused by gradation in both size and perfection of chain bundles 
or crystallites. The true fiber axis period of myosin of at least 350 
to 450 A, as revealed by small-angle x-ray diffraction studies (Bear, 
1945; Schmitt et al., 1947), might indicate such alternation of better 
and less organized parts. I am inclined to assume that the micellae, 
as visualized by the birefringence studies, correspond to the more per- 
fectly organized parts of the x-ray studies. According to Guth (1947) , 
the ultrastructure of bulk rubber can be visualized as long chains inter- 
linked by a few cross-bonds to a three-dimensional network in which 
finite clusters of more loosely connected chains are embedded. We 
might assume that such a picture, in reverse, might give us a good \is- 
ualization of the ultrastructure of the filaments: an infinite and rather 
loosely organized network of chain molecules, in which definite clusters 
of chain molecules linked by a relatively large number of cross-bonds 
are embedded. 

That the ehain molecules of the network might not be identical with 
the molecules linked into clusters is indicated, at least for striated mus- 
cle, by the discovery of Straub (1942, 1943) that, by prolonged treat- 
ment with KCl solutions, myosin, not alone, but in combination with 
another protein (actin), can be extracted from muscle mash. The 
methods needed for isolation of pure actin from muscle suggest that 
this protein forms in the muscle fiber a framework to which the myosin 
molecule adheres. Szent-Gyorgyi (1943a, 1943b, 1946) regards this 
combination of myosin and actin, which he calls acto^myosin, as the 
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substrate of the contractile mechanism. However, in his scheme, the 
myosin micellae represent the prime mover of the system. 

In the light of all these findings, it might be permissible to regard 
the differences in the hypothetical micellar pattern, as revealed by 
birefringence analysis for different muscle types at various conditions, 
as an indication of some corresponding differences or changes in the 
true ultrastructure of the various muscles. 

Despite the incomplete information about the true ultrastructure of 
the muscle which can be gained by birefringence measurements, such 
studies can reveal certain relations between perfection of ultrastructure 
and functional state of the muscle. For normal rat gastrocnemii, 
there exists, as shown by Fischer (1940), a statistical relation between 
total birefringence and contractile power per weight unit, which can 
be expressed by the equation: birefringence = fc X log contractile 
power. In various typos of muscular atrophy, the loss in contractile 
power depends on the loss in birefringence. In atrophies without 
birefringence diminution, no loss in power per weight unit occurs. The 
marked loss in total birefringence, which corresponds to the loss in 
muscle power per weight unit during denervation atrophy, is caused 
mainly, but not exclusively, by a diminished form birefringence. Elec- 
trical daily exercise of denervated muscles can considerably retard their 
weight loss, but has only a slightly retarding effect upon the muscle 
power per weight unit and, correspondingly, upon the birefringence 
diminution. 

As mentioned before, in denervation atrophy, the power loss corre- 
sponds to the birefringence diminution. Since the powder per weight 
unit declines only about 10 days after denervation of a rat muscle, 
appreciable loss in birefringence is also only observed so late. In re- 
cent experiments, we \vere able to demonstrate that the time-course 
of the loss in extractable myosin of a denervated rabbit muscle (Fischer 
and Ramsey, 1946a) is very similar to the time-course of the bire- 
fringence diminution (figxfre 3). Both loss in extractable myosin and 
loss in birefringence are quite independent of the weight loss of the 
atrophying muscles. As mentioned before, electrical treatment of 
atrophying muscles decreases loss in birefringence and in muscle power 
to the same extent. We found now that this treatment will also in- 
fluence the loss in extractable myosin in exactly the same manner. 
Electrical training of normal muscles, despite the hypertrophy pro- 
duced, does not increase muscle power per weight unit or birefringence 
(Fischer, 1940), or the amount of extractable myosin (Fischer and 
Ramsey, 1946b) . 
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gastrocnemii. Lower halt: weight, total nun-eollugenous piotein, extruelahle pioteiii, and myowii 
(all luotcMi&i evpies-^ed a-s pei cent of iuu*-cle wet weight) of denenuted lubbif gast rocneiiui. 

As can be realized from the material presented here, birefringence 
studies can contribute directly only little to our knowledge of the 
ultrastructure of the muscle, if compared with x-ray diffraction and 
electron microscope studies. However, combining the results of all 
these studies should lead to a visualization of the ultrastructure of the 
muscle compatible with all the data supplied by these methods, if we 
keep in mind that all these three approaches have their limitations and 
none of the interpretations is unambiguous. 

The measurement and analysis of birefringence data offer at least 
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a relatively simple method for the detection of coarse changes in the 
ultrastructurc of muscle, and the birefringence approach is more suit- 
able than otlicr methods to correlate functional changes with ultra- 
structure changes. 
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ELECTRON MICROSCOPE AND X-RAY DIFFRAC- 
TION STUDIES OF MUSCLE STRUCTURE 

By F. 0. Schmitt, R. S. Bear, C. E. Hall, and M. A. Jakls 

Depaitment of Biology, Massachusetts Institute of Technology, 
Cambridge, Massachusetts 

In the study of the mechanism of muscle contraction, skeletal mus- 
cle has been the material most widely investigated. There are many 
physiological and chemical reasons for this, but the structural aspects 
are also important. The complex cytoarchitecture of cross-striated 
muscle and its alterations in various physiological states furnish 
visible clues regarding the contractile mechanism. 

The anisotropy of the alternate bands early led to a recognition 
of the importance of molecular orientation in contraction (Engelmann, 
1875). The demonstration that myosin solutions show double refrac- 
tion of flow (Muralt and Edsall, 1930) led to a localization of this 
protein in the anisotropic (A) bands. .However, subsequent, more 
or less indirect lines of evidence indicate that the entire myoflbril is 
composed of myosin, while the relative isotropy of the I bands was 
asciibed to a lack of preferred orientation of myosin in tliese regions 
(Schmidt, 1937; . 

A\"ith the discovery of the enzymic relationship between myosin, 
adenosinetriphosphate (ATP), and the mineral constituents, atten- 
tion has again been directed to the localization of these substances in 
the muscle fibril. Explanation of contraction and relaxation is cur- 
rently sought in topochcmical reactions between the structural protein, 
myosin, and ATP activated by mineral constituents. 

ELECTRON MICROSCOPE OBSERVATIONS 

Because of its high resolving power, the electron microscope offers 
unique oppoHunities as a means of investigating muscle structure. 
Ardenne and Weber (1941) have published electron micrographs of 
myosin particles extracted from skeletal muscle. Richards, Anderson, 
and Hance (1942) and Sjostrand (1944) have employed striated mus- 
cle in an investigation of methods of obtaining electron micrographs 
of thin sections of tissue. However, the first detailed electron micro- 
scope study of the structure of myofibrils of striated muscle is that of 
Hall, Jakus, and Schmitt (1946). These investigations represent only 
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a beginning. Obviously, the detailed description of the structure of a 
tissue as complex as skeletal muscle will occupy many workers for 
years to come. Particularly significant will be the application to the 
problem of new techniques. However, the results already obtained 
have an important bearing on the theory of contraction and the 
properties of myosin. These aspects will be briefly considered below. 
For details of methods, the original paper may be consulted. 

Myofibrils of Cross-Striated Muscle 

The structures observed in electron micrographs of vertebrate and 
invertebrate myofibrils are readily identifiable with those described in 
the histological literature t Jordan, 1933), and correspond with them 
remarkably well. The myofibril is composed chiefly of fine filaments, 
50 to 260 A in width, extending in relatively straight lines parallel with 
the fibril axis (plate 4a). The Z membranes, which demarcate the 
sarcomeres, appear in the form of dense, rather amorphous material 
extending across the fibril. The A bands arc differentiated from the I 
bands by the presence in them of relatively dense material which com- 
bines with phosphotungstic acid which was used as an electron stain. 
This material may be chiefly ^mineral in nature. There is evidence that 
calcium, magnesium, and potassium are preferentially located in the 
A bands (MacCallum, 1908; Winter and Smith, 1922; Scott, 1932; 
Scott, 1939; Dubuisson, 1942) . However, for the present, the material 
is referred to as substance.” The boundary between the A and I 
bands is sharp, though no membranous or other structural enclosure 
has been discerned. The M and N bands, as well as the H discs, are 
also apparent. 

Collagen fibrils are associated with the myofibrils, but the associa- 
tion is limited to the periphery of the fibrils and the intcrfibrillary 
space. The fibrous matrix of the myofibrils is composed of the longi- 
tudinal filaments extending without apparent interruption through the 
consecutive A and I bands. In view of the high concentration of myo- 
sin in muscle fibrils (Smith, 1937) , it is reasonable to suppose that the 
filaments are composed principally of myosin. They will, therefore, 
be referred to as myosin jilaments. 

The above description refers to myofibrils obtained from muscles 
kept extended during fixation. Observations were made also on 
fibrils from muscles which were slightly contracted or held in vigorous 
contraction by electrical stimulation during fixation (plate 4b) . Iso- 
tonic as well as isometric contractions were thus induced. Character- 
istic “reversal of striation” (Jordan, 1933) was observed, i.e., A sub- 
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stance moved toward the Z bands, away from the M bands. Contrac- 
tion, thus, is accompanied by redistribution of A substance along the 
myosin filaments. 

Particularly significant is the structure of the myosin filaments. In 
uncontracted fibrils, these filaments course through both A and I bands 
without apparent interruption, at least for the length of several 
sarcomeres, as observed in the limited field portrayed in the electron 
microgi’aphs. The filaments are somewhat less perfectly aligned in the 
I bands than in the A bands. However, the relative isotropy of the 
fibrils in the region of the I bands cannot be explained on the basis of 
random orientation of the myosin filaments in these regions. 

In strongly contracted fibrils (50%), as indicated by the sarcomere 
length, the myosin filaments are as straight as in uncontracted fibrils. 
This can only mean that the filaments themselves shorten in contrac- 
tion, rather than coil up or fold on themselves. The myosin filament 
is, therefore, the smallest contractile unit thus far observed with the 
electron microscope. 

The myosin filaments manifest discontinuities along their length, 
giving a nodose appearance. This is particularly evident in stained 
fibrils and can be seen both in the A and I bands. This periodic varia- 
tion in density is not as regular as in the case with collagen. How- 
ever, in certain cases, the distance between the beads or knots is fairly 
uniform, giving the fibril a fine cross-striated appearance. The axial 
distance between striations is about 400 A in stretched fibrils and does 
not show obvious differences in the A and I bands. There is some evi- 
dence, which is being further investigated, that the distance is less 
in contracted than in relaxed fibrils. 

If muscle fibers are subjected to strong mechanical agitation in a 
suitable salt solution, they may be dispersed in the form of a suspension 
showing strong streaming double refraction. When weakly alkaline 
KCl solutions are employed (Greenstein and Edsall, 1940), one ob- 
tains preparations such as have been used to study particle size and 
molecular weight (Mehl, 1938; Edsall, 1942; Schramm and Weber, 
1942). 

Electron microscope examination has been made of such myosin 
preparations from vertebrate and invertebrate muscles. The myosin 
particles exist as filaments (plate 5a) similar to those previously de- 
scribed by Ardenne and Weber (1941). The edges of the filaments are 
not sharp, but show irregularities which are probably related to the 
periodic structure appearing in the filaments as observed in intact 
myofibrils. No density differences, such as occur in the A and I bands, 
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were found in isolated filaments, suggesting that, in the extraction ot 
myosin, the A substance is dissociated from the filaments. 

Plate 5b shows distribution curves of the widths and lengths of the 
isolated filaments for the myosin extracted from rabbit and lobster 
muscles. The widths range from 50 to 250 A, corresponding with those 
of filaments observed in myofibrils. However, the filament lengths 
show great variation, being mostly less than 15,000 A. Apparently 
the filaments, which extend indefinitely in intact myofibrils, are ran- 
domly fragmented by the extraction procedure, producing highly poly- 
disperse myosin suspensions. The range of lengths includes those de- 
duced from streaming double refraction experiments (Edsall, 1942,. 
It is obvious that the myosin particles, as conventionally prepared, do 
not represent a molecular species. Hence, determinations of molecular 
weight by ultracentrifuge and other methods do not have the signifi- 
cance commonly attributed to them. 

MOLLUSCAN SMOOTH MUSCLE 
Paramyosin 

When molluscan adductor muscles (Venus, Mya, Mytilus, Ostrea, 
and Pecten) are macerated in a mortar with 0.3 M KCl, a viscous mass 
is obtained from which may be prepared a suspension of needle-shaped 
fibrils readily observed with the dark field microscope. This fibrous 
protein forms a considerable portion of the muscle substance. 

The solubility properties of this protein differ from those of myosin. 
Whereas they are insoluble in KCl solutions in the range of concentra- 
tion up to about 0.45 M, the fibrils disintegrate when placed in EdsalFs 
solution, and are no longer visible in the dark field or electron micro- 
scope. The dissolved protein can bo rcprecipitatcd by dialysis or 
addition of watei*. However, the result is a llooculont precipitate con- 
taining no fibrils resembling the original highly structurcMl ones. 

To distinguish this protedn from myosin, it has been given the name 
paramyosin. 

Unstained paramyosin fibrils manifebt a mottled appearance when 
viewed in the electron microscope. However, when the fibrils are ap- 
propriately stained, a structure of great geometric regularity is ob- 
served (Hall, Jakus, and Schmitt, 1945). The stain is absorbed in 
transverse bands which have an axial periodicity of 146 A (plate 6a) . 
When the stain is appropriately applied, the transverse bands appear as 
series of equidistant spots (plate 6b). The spots of adjacent bands 
lie on diagonals which make angles of 28.2° and 38.8° with the axis 
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(PLATE 6cJ . The whole structure presents a lattice containing an axial 
periodicity five times that of the band separation, or 5 X 145 = 725 A. 
Thus, if a line is drawn through any spot parallel to the axis, other 
spots on this line will be separated by five bands. 

Invertebrate Myosin 

If clam adductor muscles are macerated in EdsalFs solution (in 
which the paramyosin fibrils dissolve), fibrous bundles of another type 
may be obtained by centrifugation. These bundles are composed of 
fine filaments, closely resembling the myosin filaments of skeletal mus- 
cle. Closely adhering to the filaments are dense particles which are 
frequently aligned to give a cross-striated appearance to the bundles. 
The axial distance between the striations is about 1100 A. 

Whether this represents a type of cross-striation, in this smooch 
muscle, which is analogous to that of skeletal muscle, is not clear. 
However, it should be noted that, in these adductor muscles, which 
contain a large proportion of paramyosin fibrils, myosin filaments are 
also present, and the individual filaments resemble those isolated 
from striated skeletal muscle. Isolation of this material by EdsalPs 
method yields filaments similar to those similarly extracted from verte- 
brate skeletal muscle, though the length of the particles is significantly 
shorter. 

As yet, no extensive study has been made of the structure of these 
components in exiiended and contracted adductor muscles. However, 
it seems probable that the myosin components are contractile in these 
muscles, as they are in striated skeletal muscle. No differences in the 
geometric pattern of the paramyosin fibrils have been observed in 
fibrils taken from muscles in different physiological states. There is, 
therefore, no morphological evidence that the paramyosin fibrils actu- 
ally shorten. Conceivably, they may serve a mechanical function 
which is related to the ability of those muscles to remain shortened 
for long periods of time with minimal energy expenditure (^‘clutcli 
mechanism”). Information is needed about the structural relaiijn- 
ship between the paramyosin and the myosin components in the in- 
tact muscle fibers. In a variety of invertebrate muscles, the relative 
proportions of myosin and paramyosin, as estimated by x-ray methods 
(see below), vary considerably. Thus, in the lantern retractor muscle 
of Thyme, there appears to be no detectable amount of paramyosin, 
though the collagen content is considerable. Conceivably, this colla- 
gen contributes mechanical properties important in the retractor func- 
tion. Cross-striated myofibrils, on the other hand, appear to contain 
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no fibrous components within the myofibrils, other than the contractile 
myosin filaments. Such structoal variations may be related to the 
different physiological properties of the muscles. 

AVhile the above is somewhat speculative, it seems useful to call at- 
tention to the possibility, suggested in a variety of ways during the 
last century, that contractile tissue may contain fibrous constituents 
which do not contribute to the rapid and reversible, twitch-like con- 
traction, but may have a mechanical function of another sort. Fur- 
ther electron microscopic investigation may be expected to throw light 
on this problem. 


X-RAY DIFFRACTION STUDIES 

Except for those features which arc characteristic of the paramyosin 
and collagen, when present, the diffraction patterns of a wide variety 
of striated and smooth muscles are essentially the same and, there- 
fore, have been attributed to the myosin filaments. The differences of 
structure observed at the light microscope level of resolution are not 
reflected in the x-ray structure of the myosin components. 

Myosin Structure 

Most of the x-ray studies of myosin have been concerned with the 
wide-angle patterns. The literature dealing with this aspect has been 
reviewed in* the papers of Astbury and Dickinson (1940), Astbury 
(1943), and Schmitt (1944). 

The wide-angle patterns are closely similar to those of a number of 
fibrous proteins, such as keratin and fibrin, and belong to the alpha 
class of Astbury. As such, they reveal little that uniquely reflects the 
structure of myosin. Information which is more pertinent to the 
colloidal organization of muscle may be deduced from the small-angle 
patterns derived from the larger structural periodicities. 

Recently, Bear (1945) has obtained evidence regarding a common 
set of small-angle diffractions observed with a wide variety of muscles, 
including the adductor muscles of Mytilus, Vervus^ Anodonta, Mya, 
and Pecten, the retractor muscles of Phascolosoma and Thyone, frog 
sartorius, and the retractor penis muscle of the dog. Some of these 
muscles also yield small-angle diffractions characteristic of paramyosin 
(see below) or collagen, but in all of them are found the indications 
of a common fibrous element, presumed to be myosin. 

The myosin small-angle pattern is somewhat poorly defined, because 
of the effects of imperfect orientation, but is nevertheless definitely 
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recognizable. It consists, principally, of meridional and near-merid- 
ional diffractions corresponding to spacings of 58, 61, 272, 18.7, 13.8, 
11.2, 9.2 and 6.9 A. Judging from details, such as concentration of in- 
tensity with respect to the meridian, the largest truly meridional dif- 
fraction is probably that yielding the 27 A value. The existence of 
the closely spaced and probably off-meridional 58 and 51 A spacings 
suggests that the true fiber axis period is at least 350 to 420 A. 

Mac Arthur (1943) earlier had cited the myosin spacings up to the 
27 A value from data of Astbury for frog sartorius, and concluded that 
the axial repeating period is 658 A. From the more complete data now 
available, it is clear that this conclusion is not tenable. 

The off-meridional diffractions of myosin have a lateral separation 
on the patterns corresponding to a transverse spacing roughly estimated 
to be about 115 A. 

The meridional and near-meridional small-angle diffractions are 
observed, as quoted, only when the axis of the muscle is perpendicular 
to the x-ray beam. From a pronounced movement of the diffractions 
along the meridian and away from the center, which occui’s with de- 
parture from perpendicular orientation of the specimen, it is concluded 
that the fibrous diffracting elements are very thin, this dimension 
being probably of the order of size of the largest meridional spacing, 
which is 27 A. This thinness may be important in providing the 
fibrous elements with the high degree of chemical and structural 
lability which must characterize these contractile elements. This 
lability is also in evidence in the fact that the myosin diffractions are 
generally faint, diffuse, and susceptible of damage by physical and 
chemical manipulation of the muscle, making it difficult to obtain 
satisfactory diffractions. 

According to Astbury and Dickinson (1940), small amounts of con- 
traction (10 to 209 ^) cause relatively little change in the wide-angle 
pattern. More drastic contraction has been associated with the super- 
contracted state, which cannot be well characterized by dii*ect x-ray 
evidence. As yet, no data are available concerning the small-angle 
diffractions in contracted muscles. To obtain such data involves great, 
though probably not insuperable, technical difiSculties. Evidence of 
this sort may be more informative than the wide-angle data. 

Paramyosin Structure 

The diffraction patterns of paramyosin fibrils from the adductor 
muscles of the clams Mya. VenuSj and Anodonta have been described 
by Bear (1944). The wide-angle pattern is that of a typical alpha 
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protein fiber. However, the small-angle pattern is the most highly 
developed thus far found for any protein fiber. 

The meridional diffractions are orders of a spacing of 145 A. How- 
ever, layer-line diffractions indicate that the true fiber axis period is 
five times this value, or close to 725A. Since more than forty layer 
lines have been measured, it would appear that the periodic structure is 
repeated with great regularity. These patterns have been obtained 
on extended and dried muscles. Such regularity of structuie was un- 
expected in a fiber having the chemical and mechanical lability of 
muscle. However, as pointed out above, the function of the para- 
myosin fibrils is not yet clear. They may prove to have mechanical 
functions other than that of contraction. 

Non-meridional diffractions in the small-angle patterns of clam 
muscles indicate the presence of a large spacing transverse to the 
fiber axis. These diffractions are not as well resolved as the axial 
diffractions, but the spacing is estimated to have a value in the range 
of 200 to 350 A. 

The correlation between the small-angle x-ray pattern and the elec- 
tron microscope observations of the structure of paramyosin fibrils is 
remarkably good. Not only is there exact agreement about the pres- 
ence of the transverse bands with longitudinal spacing of 145 A, but 
the intra-band structure which gives rise to the master axial period of 
725 A, predicted by the x-ray results, has been directly visualized in 
the electron micrographs. 

Comparative X-Ray Studies of Muscle 

The myosin small-angle diffractions arc the only ones which have 
been found in the patt(‘rns of all types of muscle thus far examined. 
Indeed, this forms the basis for assigning them to myosin. Even in 
those clam musides in which the j)rcscnce of i)aramyosin is most evi- 
dent from the x-ray diagrams, the pattern of myosin is also visible. 
The small-angle x-ray patterns provide useful information conceining 
the relative proportions of myosin, paramyosin, and collagen. These 
are indicated in table 1. Such comparisons may have functional 
significance, as discussed above, 

SUMMARY AND CONCLUSIONS 

Electron micrographs of myofibrils of cross-striated muscles reveal a 
structure resembling that described histologically, but add many im- 
portant facts. The A and I bands are distinguished chiefly by the 
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Table 1 


KlLVTIVE iNTBNfolTIES OF THE MyO&IN AND P\R\MYO&IN X-Rw DIFFRACTION 

Systems Exhibited by Various Muscles 


Mubcle 

Myosin 

Diffractions 

Paramyosin 

Dififractions 

UytiluB adductor 

+ 

+++++ 

Venus adductor, w 

+ 4- 

4- 4- 4- 4- 

Anodonta adductor, w 

4 ”+ 

+ 4-4- 

Am^donta adductor, t 

+++ 

4- 4-+ 

Mya adductor 

+++ 

+ 4-+ 

Venus adductor, t 

1 ++++ 

+ 4 

Pecten adductor, w 

++ 

44 

Phas^olosoma retractor 

+ 

4 

Dog retractor penis 

4- 


Pecten adductor, t 

+ 

— 

Thyone retractor 

+ 

— 

Frog sartoriub 

+ 

— 


Bouffh Mbual estnnateb oi the iolati\e mtenbities of the mjosm and paianijosm diffi actions on 
the pattPins of tho \aiioub miisdps me indicated b\ + ; w and i refer, respectively, to the “white” 
and ‘tinted” coiiipoiients of tJie niuscleb which possesb them. 


presence, in tho former, of dense, stainable material which redistributes 
itself during contraction. This ‘^4. substance” is closely associated 
with very thin filaments which make up the bulk of the myofibril; 
hence, the filaments are presumed to be composed chiefly of myosin. 
The myosin filaments follow a relatively straight course through A 
and I bands. The relative isotropy of the I bands is, therefore, not 
due to random orientation of the filaments, but must be explained in 
other ways. Nor is there any coiling or folding of the filaments in 
contracted myofibrils. Contraction must, therefore, involve struc- 
tural rearrangements of components within the myosin filaments. 

Myosin prepared by the method of Greenstein and Edsall consists 
of a suspension of filaments resembling those in intact myofibrils, but 
having a wide distribution of lengths, due to random fragmentation 
during the extraction process. Accordingly, estimates of particle 
length and weight derived from streaming double refraction and sedi- 
mentation measurements on such preparations have no obvious rela- 
tion to the molecular status of this protein. X-ray data suggest the 
presence of very thin myosin arrays having thickness of the order of 
only a few polypeptide chains. This type of structure would make 
possible exposure of active groups to the chemical environment, altera- 
tion of which results in change in configuration, i.e., contraction and 
relaxation. 

Further advance in an understanding of the contractile mechanism 
from the structural a])prc)ach requires more detailed information about 
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the internal organization of the myosin filaments. The resources of 
the x-ray and electron microscope techniques have by no means been 
exhausted, and important further advances may be expected. The 
problem is not insuperable, technically, but requires close correlation 
of the structural, chemical, and physiological data. 
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Plate 4 

a. Myofibril from frog sartoriiis, stretched about 30 per cent, fixed in formalin, 
stained with phosphotungstic acid; x 30,000. (Reprinted, from Biol. Bull“) 

b. Myofibrils from frog sartorius contracted, fixed in formalin, stained with 
phosphotungstic acid; x 30,000. (Biol. Bull”) 
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Pl^tb 5 

i Mjosin filamentb liom labbit leg muscle \ 35 000 (J Biol ) 
b Distiibution of lengths and \^idths of mjobin filament®! fiom i ibbit leg mub- 
cle (J Biol ) 
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Plate 6 

a Paramyobin fibiils stained with phobphotimg^tio acid, showing 146 A spac- 
ing, \ 100000 (J Appl Phys“) 

b Pdiamyobin fibiils stained with phosphotungbtic acid, showing lattice stiuc- 
tuie,\ 210000 (J Appl Phys^®) 

c Dngi imuntic httico slming gcoimtucil lolilioiib mcl dimensions between 
stained i egions in paiamyosm fibiilb ( J Appl Phys 
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MUSCULAR CONTRACTION 

Part III 


CHEMISTRY 




THE MAIN CHEMICAL PHASES OF THE 
RECOVERY OF MUSCLE 

By Otto Meyerhof 

Department of Physiological Chemistry , Univendty of Pennsylvania, 
Philadelphia, Pennsylvania 

Our knowledge in this field has been rather well established for the 
last few years, and little can be added that is really new. Some facts 
have received additional light by new methods, especially by isolation 
and purification of single enzymes and by the use of labelled radio- 
active phosphate. These methods have mainly helped to confirm what 
was already known of the metabolism of the active muscle. But we 
should be more critical in regard to the claim of completeness of this 
picture of the recovery process. Quantitative disagreements in the 
application of some of these methods prove that several important 
steps are still unknown to us. 

Nevertheless, I think our present-day picture of the chain of events 
in the recovering muscle to be essentially correct. Every single step 
and relationship was made a matter of controversy during recent years, 
but, in the end, the older interpretation was confirmed. The anaerobic 
nature of the fundamental chemical process of contraction, as found 
by A. V. Hill, was questioned by Dr. Sacks.^' ® The same author chal- 
lenged the view that lactic acid was formed via phosphorylated inter- 
mediaries, and that phosphocreatine (PC) and adenosinetriphosphate 
(ATP) intervene in the active muscle in the same manner as in en- 
zymatic extracts,® Such criticism deserves our full appreciation, even 
if it proves to be unjustified, because it keeps the research worker from 
relapsing into complacency. It stimulates him to devise new schemes 
for confirming his findings and interpretations. This also happened 
in our case. 

The time-relation of oxygen consumption to heat-production was 
taken up by David K. Hill,^ son of Professor A. V. Hill. He found 
complete coincidence of oxygen consumption and oxidative heat in 
isolated muscles at 0° C., and confirmed the anaerobic nature of the 
contraction process beyond any doubt. 

Figure 1 shows the special features of the volumetric respiration 
chamber, used by D. K. Hill (all measurements are made at the tem- 
perature of melting ice) . The resting respiration is cancelled out by 
using the symmetrical frog sartorius, which is not stimulated, in one 


( 815 ) 
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FiGURn 1. Volumeter m ice. D, wall of Dewar flask; L, flash -lamp bulb; J, objective of 
microscope lowered into water; i?, tube of microscope; Q, niicromoter hcre»\. 

side of the differential apparatus. CO 2 in both chambers is absorbed 
by Na 2 C 03 spread on filter paper. The excess of oxygen consumption 
on the stimulated side is observed by the shift of an index drop in a 
capillary, connecting both chambers, with the help of a microscope. 
Figure 2 shows the time-course of the oxygen consumption: A is the 
curve obtained after correction for the heat-expansion, JS, after cor- 
recting for the slow diffusion of oxygen into the muscle, while C is the 
theoretical curve which would be expected if the oxygen consumption 
coincided with contraction and initial heat. 

In FIGURE 3, the correspondence of oxidative heat and oxygen con- 
sumption is shown: A and B for pH 7.2, C and D for pH 6. Oxygen 
consumption is considerably slowed down with decreasing pH. Most 
important, however, is the close parallelism of heat-production and 
oxygen consumption, because it demonstrates that the endothermic 
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Figure 2. A, the recoid uncoiiectod except for iniliul heat. B, after correction for diffusion. 
The mu&cle was of thickness 0.8 mm. C, the curve which would be follov^ed by the index if 
conbumption of oxygen coincided with the activity. 



Figi EC 3 Compan-'on of the time ciuii«rs of ox\gen consumption and of heat production. At 
pH 7.2. A, oxygen; B, heat. At pH 0.0: C, heat; D, oxygen. 

syntheses, coupled with the oxidation, remain throughout the whole 
time of recovery in fixed proportion to the oxidation, actually con- 
suming 50 per cent of the oxidative heat.'*' 

The speed of the oxidative recovery is not determined by physical 
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factors like diffusion of oxygen, but by chemical enzymatic conditions 
of the muscle. According to D. K. Hill, the content of cytochrome 
oxidase decides the speed. Insect muscles, like those of the locust 
with a high content of cytochrome and cytochrome oxidase, show at 
the same temperature a rate of recovery oxidation about 100 times that 
of frog muscle with low content of cytoclirome oxidase. Moreover, 
sodium azide, which, according to Stannard,^‘ in higher concentrations 
inhibits the recovery oxidation completely, but not the resting respira- 
tion of muscle, slows the recovery oxidation down in the range of 
2 X 10“° to 2 X 1(H M. This, too, must be explained by inhibition 
of the cytochrome oxidase. 

The second objection of Dr. Sacks was based on experiments with 
radioactive phosphate.^* The author did not find such an exchange of 
labelled phosphate between the inorganic fraction and PC and ATP 
as he expected on the basis of the enzymatic exchange reactions. He 
assumed, therefore, that these exchange reactions did not take place 
in the active muscle. Dr. Herman Kalckar^ cleared up this contra- 
diction with his usual perspicacity and precision. He showed that 
Dr. Sacks overlooked the difference of extracellular and intracellular 
inorganic phosphate. Only the latter can be expected to be in free 
enzymatic exchange with the phosphate esters, since the muscle cellular 
membranes are very little permeable to phosphate. Since the inor- 
ganic labelled phosphate is added from the outside, generally from the 
circulating blood, there is ten to a hundred times more extracellular 
than intracellular labelled phosphate. In Kalckar’s own experiments, 

5 to 7 per cent of the total labelled inorganic phosphate was intracel- 
lular. In all experiments done by Sacks and by other authors before 
Kalckar^'s investigation, the exchange between intracellular labelled in- 
organic P and PC and ATP was already complete in the shortest ex- 
perimental interval which they applied, and, therefore, it could not be 
enhanced by periods of activity. In Kalckar^s own experiments with 
resting muscle, more than half of the intracellular radioactive phos- 
phate had exchanged between the inorganic phosphate and the energy- 
rich phosphate groups in about twenty minutes. Experiments with 
active muscle had to be done in much shorter time intervals, to find 
out how quick the isotope equilibrium would be approached between 
the inorganic phosphate and the energy-rich phosphate groups. We 
found, in 1938 in Heidelberg, with enzymatic extracts,® that the ex- 
change of biological concentrations of ATP with inorganic phosphate in 
the presence of the complete enzyme system was finished in about 50 
seconds with a ten times diluted enzyme. With undiluted enzyme, it 
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would have been completed in a few seconds. Although we do not 
know what factors may intervene in the living muscle, and the common 
pool of exchangeable phosphate with PC, ATP, and phosphopyruvic 
acid must be considered, exchange in the active muscle may be com- 
pleted in less than one minute. 

I think that there cannot be the slightest doubt that glycolysis in 
the active, as well as in the resting, muscle passes through the* phos- 
phorylated intermediaries known from enzymatic studies, and that PC 
breakdown and synthesis are connected with it by way of phosphate 
transfer from ATP and ADP. Glycolysis, here, means strictly forma- 
tion of lactic acid and not oxidation of sugar. Dr. Ochoa will discuss 
the role of phosphorylation in oxidation. Some authors assume by 
implication that lactic acid formation is always the first step of sugar 
oxidation. This is unwarranted and, for the steady state, highly im- 
probable, because, in the presence of oxygen and of oxidative catalysts, 
pyruvic acid would not be reduced to lactic acid. Moreover, the path- 
way of sugar oxidation via pyruvic acid is not the only possible one, 
although probably the main route. Furthermore, according to the 
R. Q. of about .96, carbohydrate is the prevailing, but not the exclu- 
sive, fuel of the active muscle in the presence of oxygen. 

New viewpoints on the question as to how the oxidation of fat can 
participate in the recovery process and transfer its energy to the syn- 
thesis of high energy phosphate bonds arise from the recent findings of 
Breusch, Weinhouse, Lehninger, and others. According to Breusch,®» 
two carbon residues of fatty acids, formed by beta-oxidation via aceto- 
acetic acid, condense with oxalacetic acid to citric acid. The further 
oxidation of citric acid would then be coupled with endergonic syn- 
thesis in the same way as in the oxidation and degradation of sugar by 
way of the Krebs cycle. According to the important discovery of 
Lehninger,^ ^ catalytic amounts of ATP are necessary for the oxidation 
of fatty acids in the liver. This means that labile phosphate must be 
transferred to phosphorylated intermediaries, undoubtedly acylphos- 
phates, and that these, in turn, would generate new energy-rich phos- 
phate. If this enzymatic process plays a larger role in the liver than 
in the muscle, as seems to be the case, then it would be more impor- 
tant for the recovery of the muscle in situ than for the isolated muscle. 
It would explain that, in the whole animal as in man, work could bo 
done nearly as efiBciently by oxidation of fat as of carbohydrate. 
Synthesis of lactic acid to glycogen could be easily coupled with the 
oxidation of fat. In any case, generation of energy-rich phosphate is 
always the first step of synthesis. 
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The interconnection of the single phases of recovery is shown in the 
following diagram (figure 4) by Dr. Fenn,^^ A\ho has pictured, in a 
diagrammatic drawing, the abstract scheme of consecutive coupled re- 
actions, formerly sketched by Dr. Lohmann and myself (taken from 
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Professor Hober’s book, Physical Chemistry of Cells and Tissues), 
The energy reservoirs, as contained in one gram of living frog muscle, 
are pictured by the diameter of the four columns of communicating 
liquid which all are able to drive the myosin-engine of the muscle. 
Oxygen means the total amount of available oxidative material, espe- 
cially carbohydrate; lactic acid means the amount of glycogen con- 
vertible into lactic acid by stimulation, until complete fatigue. The 
points of attack of KCN and iodoacetic acid, as well as the hypothetical 
site of the stimulus, are also shown. Nevertheless, I will give our 
primitive scheme^^ here again (figure 5), because, in these coupled re- 
actions, not only the total amount of available energy is important, 
but the quantitative relations on the basis of stoichiometric coupling. 

I discussed this question more thoroughly two years ago,^** and will 
come back to it only so far as the correlation is concerned between the 
chemical processes and the phases of heat, either measured by thermo- 
couples or in calorimeters. Generally, I propose to replace the former 
notion of caloric quotient of lactic acid by the caloric quotient of high 
energy phosphate, and express this, not in cals per gram but in cals per 
mole. For this calculation, the lactic acid formed is equivalent to two 
energy-rich phosphate bonds generated by the formation of one mole 
lactic acid, one from 1, 3 diphosphoglyceric acid, and one from phospho- 
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pyruvic acid. By the use of this new term, we are independent of what 
really happens in the muscle at every moment, whether the reaction 
measured by the heat is decomposition of ATP to ADP or to adenylic 
acid, or splitting of PC with the catalytic help of ATP, or formation of 
lactic acid alone, or any sum of these three processes. In every instance, 
we have to compare the total balance of changes witli the heat. The 
caloric quotient of high energy phosphate per mole would be around 
12,000 small cals., according to the heat measured during enzymatic 
splitting. In the living muscle, it is somewhat higher, partly (to the 
extent that new hydrogen ions are formed) by additional heat from 
neutralization of protein, partly from unknown concomitant reactions, 
and may generally amount to about 13,000 to 14,000 cals.^’ 

A closer correlation of the single phases of heat viith the underlying 
chemical reactions is much more hypothetical. TiTien we take our 
present-day picture as a guide, most of the single chemical reactions 
would cancel each other out regarding the heat, and the resulting 
coupled reactions would be nearly thermoneutral, for instance, split- 
ting of creatinephosphate with resynthesis of ATP from ADP . The 
only two instances of uncompensated positive heat are the first initial 
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splitting of ATP by the adenylpyrophosphatasc (apyrase) and the de- 
layed oxidative recovery process, with an outburst of heat amounting 
to 60 per cent of the calculated combustion heat of carbohydrate. As 
I stated two years ago, this amount of oxidative heat corresponds to 
5 energy-rich phosphate bonds resynthesized for every mole of oxygen 
consumed. In this picture, the initial heat of contraction, as measured 
by Hartree and A. V. Hill, would be explained by splitting of ATP, 
There remains still another small phase of heat, the so-called de- 
layed anaerobic heat, which was carefully analyzed by D. K. Hill in 
1940.^® On the average, it amounts to 10 per cent of the initial heat. 
Its interpretation is difficult, because of its inconstancy. According to 
David Hill, it is absent in the first contractions of a completely fresh 
muscle, except for a small negative phase at the onset, and becomes 
gradually more pronounced with fatigue of the muscle. It is more 
regular and better defined in the alactacid contraction of a muscle 
poisoned with iodoacetic acid. Figuee 6 is taken from the paper of 
D. K. Hill. A corresponds to the anaerobic delayed heat of a normal 
moderately fatigued muscle, B to the delayed heat of a poisoned muscle 
in the same state of fatigue. Since the small endothermic phase in 
the beginning happens in both cases, it cannot be explained by the vol- 
untary endothermic coupled reaction of phosphate transfer from phos- 
phopyruvic acid to creatine. It may be caused, as Hill suggests, by 



Fioubc 8. A, anaerobic delated heat at pH 7.2. B, a membei of a series under “alactacid 
conditions foi comparison. Duration of tetanus 12 sec. The heat-production is expressed as per- 
centage of heat. 
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the slightly endothermic phosphate transfer from PC to adenylic acid 
or to ADP. Indeed, the splitting of PC gives only 11,000 cals., while 
the splitting of ATP gives 12,000 cals, per mole phosphate. This dif- 
ference is not very great, but seems to be well established. For PC, a 
great number of measurements were done in my former work at the 
Heidelberg Institute with very pure preparations, and gave consistently 
the smaller figure of 11,000 cals.” The less exact heat measurements 
on ATP, which gave 12,000 cals, per mole phosphate,^® were recently 
repeated by Dr. Ohlmeyer in Tubingen, using a new and very exact 
method for measuring the heat, and were confirmed by him.^* 

We may ascribe the positive delayed anaerobic heat phase to an 
excess of PC split over synthesis of ATP by intervention of the apy- 
rase, and the extra amount of ill-defined heat in the impoisoned muscle 
(figube 6, Curve A) to an excess of lactic acid formation over the re- 
synthesis of two moles PC per mole lactic acid, by which the heat 
would be compensated. McKeen Cattell and Einar Lundsgaard 
showed, in 1933,“ that the eflBciency of a muscle working in oxygen is 
about 15 per cent less in a long series of about 100 twitches than in a 
short series of only 20 twitches. They even then ascribed this dif- 
ference to the extra amount of delayed anaerobic heat in hi^er de- 
grees of fatigue of the muscle. 

The sequence of the recovery processes in muscle was elucidated by 
several independent techniques. One was the study of the single re- 
action steps and their coupling in enzymatic extracts. Other ap- 
proaches were by means of the concomitant physical changes which 
accompany fatigue and recovery and which can be used as indicators 
of the underlying chemical reactions. Perhaps the most important tool 
was the poisoning of the muscle with iodoacetic acid, which, according 
to Lundsgaard’s discovery, produces the alactacid contractions." The 
behavior of the muscle poisoned with iodoacetic acid is so well known 
that I will mention only some main features of this altered condition 
of the working muscle. The immediate consequence of the complete 
inhibition of lactic acid formation is accumulation of hexosemono-and- 
diphosphate and the decomposition of PC in an enhanced rate. After 
the bulk of PC is split, the muscle becomes inexcitable, its ATP 
content diminish es rapidly, and it goes into rigor. The inhibiting 
effect itself is caused, undoubtedly, by the oxidation of sulfhydryl 
groups in the enzyme protein of the triosephosphate-oxidase. If this 
oxidizing enzyme is blocked, glyceraldehyde-3-phosphate is no longer 
oxidized by cozymase to 1, 3 diphosphoglyceric acid, no energy-rich 
phosphate is formed, and, therefore, no PC can be resynthesized 
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anaerobically. The anaerobic work ol the muacle bccomcfe now 
strictly proportional to the splitting of PC. If all of the PC is 
split, no more enorgy-rioh phosphate is available to be transferred to 
the adenylic system, and the dephosi)hoiylation of ATP is no more 
opposed by synthesis. The rigor which sets in under these conditions 
could be attributed to the exhaustion cither of PC or of ATP. This 
disappearance of energy-rich phosphate in the muscle is, moreover, 
the common denominator of all kinds of rigor, rigor mortis, heat rigor, 
chloroform rigor, caffeine rigor, etc. From the recent work of Szent- 
Gybrgyi,^^ it appears that the disappearance of ATP is responsible for 
the rigor, since the protein mixture which he calls actomysin becomes 
insoluble after decomposition of ATP, and the tension development in 
rigor is said to be strictly proportional to the diminution of ATP in 
muscle. 

The accumulation of the hexosephosphates must be attributed partly 
to the damming backwards of the triosephosphates which do not react 
further. This explains the accumulation of hexosediphosphate. Hex- 
osemonophosphate may also increase by the higher concentration of 
inorganic phosphate, which drives the reaction of Cori to increased 
phospholysis of glycogen. Glucose-l-phosphate mutates to the 
Embden-estor, according to the equilibrium constant. 

I may say a few words about the physical changes occurring during 
recovery. Von Muralt and E. v. Bacyer®^ found in Heidelberg, in 
1934, that a muscle in Ringer solution becomes, at first, more trans- 
parent to light during fatigue and, in the final stage, more opaque. 
The increase in transparency goes parallel with the dephosphorylation 
of PC. Buchthal and Knappeis were able to extend these results by 
applying them to single muscle fibers.^* This effect of metabolic 
changes in increasing the scattering of light by the muscle structures 
is very interesting, from a physical point of view. However, the 
change of opacity cannot be evaluated in terms of cliemical turnover; 
therefore, I will not go into more details. * 

In this respect, the measurement of the volume change is more fer- 
tile. We are here on firm ground, because we know, from the study of 
the enzymatic changes in dilatometers, that the dephosphorylation of 
ATP gives a volume constriction of 10 cc. per mole phosphate split 
off, dephosphorylation of PC gives 11.5 cc. constriction, lactic acid for- 
mation from glycogen gives 24 cc. dilatation per mole, and so on, on 
account of the difference in molecular volume of the disappearing and 
the newly formed substances. The volume constriction during the 
muscle contraction was first discovered by the Hungarian physiologist 
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Ernst, but the irreversible changes and their connection with muscle 
metabolism were first observed in the Heidelberg Institute.^® A typ- 
ical curve accompanying a series of isometric tetani is shown in figure 
7.^" The uppermost line, with the roman numbers I, II, III, etc., 



shows the tension development in consecutive two-second tetani, the 
next line gives the volume change of the muscle imbedded in paraffin 
oil. Volume contraction is drawn upwards. The sharp constriction 
during the onset of tension and the lesser augmentation during the 
maintenance of tension must be attributed to the splitting of ATP 
and PC, while the slow dilating reaction between the tetani w^hich 
more and more compensates and finally exceeds the constricting reac- 
tions must be attributed to lactic acid formation (after correction for 
heat-dilatation). This becomes especially obvious by comparison 
with the volume change in the iodoacetic acid poisoned muscle (figure 
8) . In FIGURE 8, the poisoned muscle is stimulated to exhaustion with 
two second tetani. In the first three tetani, the tension development 
is about the same as in the case of the unpoisoned muscle (figure 7) . 
The curve of volume constriction is, at first, similar, although the total 
amount of constriction during the tetanus is considerably larger than 
in the unpoisoned muscle. Still more conspicuous is the absence of 
the dilating after-effect which, in the other case, soon exceeds the 
constriction. On the contrary, the constriction as produced by the 
tetanus remains nearly unaltered, until the next tetanus gives an addi- 
tional constriction which adds to the first, and so on, until the muscle 
becomes unexcitable. Since the amount of heat produced by the 
tetani is the same in the poisoned and unpoisoned muscle, the differ- 
ence has to be attributed to the greater breakdown of PC and to the 
complete absence of lactic acid formation in the poisoned muscle. 

Nevertheless, this is not the complete story. Firstly, there is some 
reversible effect of tension development on volume change which is 
not explained by chemical turnover. This effect may sometimes 
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Figure 8 


change its sign: e g , Ernst Fischer has described a sudden increase in 
volume of sartorius muscle contracting under high tension.^® Super- 
imposed effects can also be found by applying a strong pull to the 
gastrocnemius while contracting. These features may be ascribed to 
physical factors. Moreover, in the summation of constriction of 
the fatigued muscle, the agreement between the measured volume 
change and that calculated from the change of molecular volume 
of the reacting metabolites is unsatisfactory. An unknown factor 
is involved which gives additional constriction; this being true for the 
normal fatigued muscle, for the poisoned muscle, and for different 
forms of rigor. This is brought to light by using a different method 
of recording with less magnification and a shorter time axis®® (demon- 
strated in PLATE 7: a and b for normal muscles, and c and d for poi- 
soned muscles; a and c in Ringer solution, b and d in paraffin oil). 
Since recording here is done by transmitted light, the direction of 
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change is reversed: downward movement means constriction, upward 
movement means dilatation. The general picture, as found with the 
other method, is confirmed: total fatigue of normal muscles gives a 
remaining dilatation (-M-) which is a little larger in paraflSn oil than 
in Ringer, ^\hile the transient dilatation caused by heat (-Tf-) is veiy 
much larger in paraffin oil. Total fatigue of iodoacetic acid-poisoned 
muscle gives a persistent constriction, somewhat larger in Ringer than 
in paraffin oil. But there is no quantitative agreement with the chem- 
ical changes measured simultaneously: in the normal muscle, as well 
as in a muscle brought into rigor by heat, the dilatation should be 
larger, to about 2 to 3 X 10“* cc. per gram of muscle, than actually 
observed. (Observed dilatation 2 X 10"^ cc per gram, calculated 5 X 
10"^ cc. per gram.) In the poisoned muscle, 5 X 10 * cc. constriction is 
observed, but only 3 to 4 X 10 ^ cc. are expected from the chemical 
turnover. An unexplained constriction of 2-3 X 10^ cc. intervenes in 
all cases and must be attributed to an undiscovered chemical reaction or 
to a volume change of protein caused by the known reactions. 

On the other hand, measurement and calculation of the change of 
pH during anaerobic fatigue show a satisfactory agreement, as was 
shown, in 1938, by M. Dubuisson and W. Schulz in the Heidelberg In- 
stitute. As was first observed by F. Lipmann and myself with a mano- 
metric technique, there is, at first, a shift to alkalinity due to de- 
phosphorylation of PC, which in the later stages of fatigue is followed 
by a shift to the acid side due to the prevailing formation of lactic 
acid.®^ In the muscle poisoned with iodoacetic acid, the acidity phase 
is completely absent. These findings were corroborated and refined 
by the work of Marcel Dubuisson, using a glass electrode. Further- 
more, the work of Dubuisson brought to light two other important 
phases which precede the alkalinity due to PC breakdown.®® These 
preliminary phases can be measured only by a special glass electrode, 
constructed in such a way that the action potential of the muscle does 
not interfere with the measurement. The curve of pH change during 
isotonic tetanic contraction is shown in figure 9: alkalinity is up- 
wards, acidity downwards. The alkalinity phase, c, is the already 
known phase of PC-breakdown followed by the acidity phase, d, of 
lactic acid formation. However, during the contraction itself (repre- 
sented by the dotted line) , there occurs a small acidity shift, 6, which 
is attributed to the splitting of ATP to ADP and phosphate, whereby a 
secondary valence of phosphate is set free with an acid pK of 4.5. In 
fresh muscles contracting isometrically, this small acidity phase is 
preceded by a sharp peak of alkalinity coinciding with the onset of 
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Figxtbb 9. 


tension. Figure 10 shows such a curve and how it is interpreted ac- 
cording to Dubuisson (dotted curves). 

That the small acidity change, during contraction, is due to splitting 
of ATP, is undoubtedly an attractive hypothesis. We should not, 
however, treat this hypothesis, which was first formulated by K. Loh- 
mann and myself on the basis of enzymatic coupled reactions and 
theoretical arguments that ATP breakdown initiates the chain of 
events in activity, as an established fact. We should not be deceived 
by alluring probabilities and accept them as certainties. To my knowl- 
edge, nothing besides the earlier arguments of Lohmann was discov- 
ered which adds to the evidence of such a sequence of reactions, and 
we should treat the problem, accordingly, with caution. 

The alkalinity w^hich is only observed in fresh muscles during the 
onset of tension is of great interest. The connection with tension is es- 
tablished by the fact that passive stretch of resting muscles also gives 
a similar alkalinity. According to Dubuisson^s measurements, the shift 
is about pH 0.2 to the alkaline side.*^^ This effect was first discovered 
by Margaria,^^ who stained the muscles with suitable indicator dyes, 
brom cresol purple or brom thymol blue, and observed a color change 
when the muscles were stimulated in an atmosphere of N 2 with 5% COo. 
The pH shift is too gi'eat to be attributed to a stoichiometric reaction 
of the phosphate esters concerned. Dubuisson assumes a change of 
the isoelectric point of the myosin fibers, on account of stretching. 
The phenomenon may be related to the observation of Szent-Gyorgyi, 
that the mixing of solutions of myosin and '^actin^’ near the neutral 
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point produces a shift to the alkaline side with simultaneous forma- 
tion of ^‘actomyosin.”®^ 

Let me add some words to the ideas discussed in recent years in 
connection with the announcement of Engclhardt and Ljubimova that 
adenosinetriphosphatase is identical with myosin. That an en- 
zymatic activity is bound to the myosin, as it is usually prepared ac- 
cording to Edsall, is certain, and can easily be demonstrated. More- 
over, the same is true for the crystalline myosin prepared by Szent- 
Gvorgyi. But I think that the interpretation given to these observa- 
tions is wrong, that is, the interpretation that the enzyme ATPase is 
id<‘ntical with the myosin-fraction, or with about 50 per cent of the 
muscle protein. Indeed, so far, only the inability of many authors to 
effect a separation has given support to the claim of Engelhardt. 
Kalckar"*® has demonstrated that “apyrase” from potatoes is easily 
adsorbed on myosin, and has suggested that the same may be true for 
the muscle enzyme. During the last two years, B. D. Polis, working 
in my laboratory, has tried many different methods of fractionation 
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by adsorption. At last, we found that, by use of lanthanum nitrate in 
a weakly alkaline medium, we could precipitate most of the myosin. 
In the presence of bicarbonate, ATP, and KCN, we then eluted sev- 
eral fractions which exhibit an enzymatic activity two to tliree times 
the maximal activity of the myosin before adsorption. If we ex- 
press the activity by Qp (cmm. HgPOi split off per hour at 38°, per 
mg. dry weight of protein) , the activity in the bulk of the myosin is 
generally Qp 2000 to 3000, and Qp after elution 5000 to 7000. In ex- 
ceptional cases, where the activity is, from the start, about Qp 5000, it 
can be raised by adsorption and elution to 15,000.” * This is true, as 
well for the myosin of Edsall as for the crystalline myosin of Szent- 
Gyorgyi. This fractionation represents only a partial separation, but 
it shows that the enzyme is only a small part of the myosin or is ad- 
sorbed on it. 

The final question as to how the ATP reacts with myosin, and how 
such a reaction is connected with the mechanical changes during 
muscle contraction, is not a subject of this paper. These questions 
will be dealt with in the following papers. The only point I would 
like to raise is that the chemical phase which utilizes the high energy 
of the phosphate bond must coincide with or precede the onset of the 
contraction. This conclusion can be inferred from the heat measure- 
ments of A. V. Hill.‘® According to these myothermic results, prac- 
tically no heat is developed during relaxation, unless elastic energy of 
tension is dissipated. Therefore, even if relaxation is an active process 
and not only the disappearance of the state of contraction, very little 
change of energy is connected with it. 
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CHEMICAL PROCESSES OF 
OXIDATIVE RECOVERY 

By Seveeo Ochoa 

New York Univeisity College of Medicine^ New Yoik, N, F. 

The breakdown of adenosinetriphosphate (ATP) is the energy- 
yielding process most directly connected with muscular contraction. 
Since the ATP store in muscle is relatively small, the main function of 
the recovery processes, both anaerobic and aerobic, is to regenerate 
this store. As regards the ultimate objective, there is no fundamental 
difference between anaerobic and aerobic metabolism. But there is an 
essential quantitative difference, namely, that aerobic metabolism is 
much more economical, so that more work can be carried out for a 
given consumption of fuel aerobically than anaerobically. 

There is also a difference concerning our knowledge of the anaerobic 
and aerobic mechanisms. Whereas, in the former case, a rather com- 
plete picture can be drawn of the chemical processes and of the manner 
in which they are coupled with resynthesis of ATP, we still lack a 
good deal of information regarding the latter. 

There is still some degree of confusion as to whether the oxidative 
breakdown of carbohydrate in muscle is totally different from the an- 
aerobic, or whether, in all cases, muscle activity involves formation of 
lactic acid and oxidation starts with lactic acid. There is now little 
doubt that the breakdown of carbohydrate by phosphorylation and 
cleavage to the triose level occurs in the same manner both in an- 
aerobiosis and aerobiosis. The difference lies in the mechanism by 
which the phosphoiylated triose is oxidized to the pyruvic acid level, 
and in the subsequent fate of pyruvic acid. Aerobically as well as an- 
aerobically, the phosphorylatcd triose is oxidized by the corresponding 
pyridine nucleotide dehydrogenase, and diphosphopyridine nucleotide 
(DPN) is reduced. In the absence of oxygen, hydrogen (and elec- 
trons) from reduced DPN is transferred to another molecule of phos- 
phorylated triose, which is thereby reduced to phosphoglycerol. This 
reaction is catalyzed by the glycerophosphate dehydrogenase. As soon 
as pyruvic acid is formed, the reduced DPN is predominantly reoxi- 
dized by transfer of its hydrogen to pyruvic acid in a reaction cata- 
lyzed by lactic dehydrogenase, so that pyruvic acid is reduced to lactic 
acid. This is understandable, because the pyruvic lactic system has a 
higher oxidation-reduction potential than the triosephosphate-glycero- 
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phosphate system, and the potential of tlicse two systems, in turn, is 
higher than that of the phosphotriose-phosphoglyceric acid system. 
However, in the presence of oxygen, hydrogen from dihydroDPN is 
transported to oxygen over the flavoprotcin and cytochrome systems 
whose potentials are much higher than those of the lactic-pyruvic sys- 
tem. These facts are represented diagrammatically in figure 1. 


Triose-P + r)PN+ P-glycerate + DPNH + H+ 
|H, e, H-^ l 


Flavoprot. ^ Flavoprot. Hr- 

|2e 


2Fe cyt. c 2Fe+‘^ cyt. c 

Le 


2Fe+++ cyt. ^ 2Fe++ cyt. 
oxidase oxidase 


2e 


i 

1/2 O 2 ^ H 2 O 

I 


AEROBIC 


Triose — P — »• Gly cero — P 


■♦Pyruvate Lactate 


2H+ 


ANAEROBIC 


Figure 1. Aeiobic and anaerobic lUK'hunisuia of hvdiuften unci eli^ction tian^fer in the oxidation 
of trio^e to tlie glyceiic acid level in inuhcle. (Although nut representixl in tliih diugrain, oxidation 
of tnobephobphate — glyceruldohyde-3-phosphate — involvch uptake of one molecule of inoiganic 
phoaphute and leudb to l,3-diphobplu)glyceiic acid). 


Aerobically, pyruvic acid is no longer reduced to lactic acid but is 
itself oxidized to CO2 and HoO. When lactic acid has accumulated as 
a result of anaerobic activity, it is then oxidized aerobically by lactic 
dehydrogenase over the flavoprotein-cytochrome system to pyruvic 
acid. 

There is some evidence that muscle respiration may take routes dif- 
ferent from the one here sketched for carbohydrate. This evidence is 
mainly based on experiments with tissues poisoned with iodoacetic acid, 
which, as is w^ell known, inhibits the enzymatic dehydrogenation of the 
phosphotriose by blocking essential SH groups of the enzyme pro- 
tein.^ It has been observed® that iodoacetic acid concentrations which 
are sufficient to block glycolysis do not inhibit completely the respira- 
tion of muscle. While such experiments indicate that there may be 
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pathways of carbohydrate oxidation in muscle other than over hexose- 
diphosphate and phosphotriose, they do not prove that such pathways 
are essential, for they may be only emergency or secondary mecha- 
nisms. Very little or nothing is known of these other pathvrays. 
Oxidation over the hexosemonophosphate-phosphohexonic acid system, 
present in red blood cells and yeast,^“° has not yet been shown to occur 
in muscle, and the same can be said of the oxidation of sugar to hexonic 
acid, catalyzed by an enzyme present in liver.’' Muscle, however, is 
known to be able to oxidize ketone-bodies, and recent work indicates 
that fatty acid and carbohydrate oxidation merge into a common path- 
way in muscle and other tissues. 

REGENERATION OF ADENOSINETRIPHOSPHATE 

Dr. Meyerhof has already sketched the mechanisms by w^hich gly- 
colysis leads to regeneration of ATP.® The two steps concerned are 
the oxidation of phosphotriose, with uptake of inorganic phosphate, to 
1, 3-diphosphoglyceric acid (which reacts with ADP* to form ATP and 
3-phosphogly ceric acid), and the reaction of phospho(enol) pyruvic 
acid wdth ADP to form ATP and pyruvic acid. In this w^ay, four 
energy-rich phosphate bonds arc generated for every molecule of hexose- 
diphosphate glycolyzed. Starting wdth glycogen, one phosphate is in- 
troduced by the phosphorylasc reaction, but another phosphate (the 
one converting fructose-6-phosphate to fructose-1, 6-diphosphate) is 
introduced at the expense of one energy-rich phosphate bond from ATP. 
The net result is that cleavage of one glycogen equivalent to tw’o lactic 
acids generates three energy-rich phosphate bonds. This is what hap- 
pens in muscle extracts, but, in intact muscle, each glycogen equivalent 
glycolyzed to two lactic acids gives rise to a net generation of four 
phosphate bonds.® The mechanism by which this is achieved is still 
unknown. The free energy change ( AF I of the splitting of one glyco- 
gen equivalent to two lactic acids is about — 50,000 gi’am-calories, 
and, since the free energy of the pyrophosphate bond in ATP is of the 
order of 12,000 calories, the formation of four such bonds corresponds 
to + 48,000 calories. In other words, most of the energy of the an- 
aerobic splitting is utilized for resynthesis of ATP by intact muscle. 

The coupling between respiration and formation of phosphate bonds 
was first observed by Engelhardt,® in experiments with blood hemoly- 
sates; subsequently, by Lennerstrand and Runnstrom,^® with yeast 
juice; by Kalckar,^^ with kidney extracts; by Belitzer,^^ and by Cori 


* Adeno&inediphosphate. 
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and his associates/^’ with heart muscle extracts; and by Ochoa/"’ 
with brain and heart extracts. In all these experiments, consumption 
of oxygen is linked with the uptake of inorganic phosphate by phos- 
phate acceptors such as glucose, fnictose-6-plu)sphate, and creatine. 
There are two steps involved: (a) phosi)horylation of adenylic acid or 
ADP to ATP coupled with oxidation; and tb) transfer of phosphate 
from ATP to the phosphate acceptor, independent of oxidation.^^ Lip- 
mann^^ observed generation of ATP from adenylic acid coupled with 
dehydrogenation of pyruvic acid in bacterial preparations. 

Our own experiments, using heart muscle extracts, indicate that the 
complete oxidation of pyruvic acid to CO^ and H 2 O is coupled with tlie 
formation of six energy-rich phosphate bonds per molecule of oxygen 
consumed.^ ‘ Thus, the reaction, Pymvate + 2.6 O 2 = 3 CO 2 + 2 H 2 O, 
can generate up to 15 phosphate bonds. It is possible that the genera- 
tion of phosphate bonds by glucose oxidation proceeds with the same 
eflSciency, so that the overall reaction, Glucose + 6 O 2 = 6 CO 2 + 6 
H 2 O, could generate up to 36 phosphate bonds ecjuivalent to about 
430,000 calories. Since the free energy change of the above reaction is 
about 688,000 calories,^' this would correspond to about 60% conver- 
sion into phosphate bond energy. It is interesting to observe that 
the oxidation-reduction potential span between the pyruvate-acetate 
system and cytochrome c, of about 0.9 volts, is about two-thirds of 
that between pyruvate-acetate and oxygen'^: /.e., some 65 per cent of 
the energy released by the transfer of one pair of metabolic hydrogens 
to oxygen is covered by the steps between metabolite and cytochrome c. 
It might be that, between these two levels, the energy released by the 
process can be converted into phosphate bond energy with nearly 100 
per cent efiSciency, and that the remaining 35 per cent is evolved as 
heat. 

There is, thus, some evidence that, in terms of phosphate bond gen- 
eration, the eflSciency of the aerobic cleavage of carbohydrate in 
muscle is about 60 per cent of the anaerobic eflSciency. Since the 
aerobic free energy change (— 688,000 calories per mole) is about 
14 times higher than the anaerobic ( — 50,000 calories per mole) , 
muscle could theoretically perform, aerobically, a given amount of 
work consuming only about one-eighth of the carbohydrate that would 
be required to perform the same amount of work under anaerobic con- 
ditions. 

It is well known that, under anaerobic conditions, the rate of con- 
sumption of carbohydrate by cells is six to eight times faster than 
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under aerobic conditions. This decreased rate of utilization in the 
latter case is known as the Pastmr effect. The fundamental observa- 
tions of Meyerhof established the fact that, when lactic or pyruvic acid 
is oxidized in muscle, only one-fourth to one-fifth of the total amount 
disappearing is oxidized to CO 2 and H 2 O, the remainder being con- 
verted to carbohydrate. The mechanism of the Pastern* effect was 
thought by Meyerhof to consist of a continuous aerobic resynthesis of 
carbohydrate from its anaerobic split products. More recently, evi- 
dence has been obtained suggesting that this cannot be the exclusive 
mechanism, but that there must be an alternative way.^® Such a way 
is visualized as a slowing on inhibition, under aerobic conditions, of 
the rate of some of the initial steps of the biological breakdown of 
carbohydrate. 

The resynthesis of lactic acid to carbohydrate, as we now know, in- 
volves its oxidation to pyruvic acid and the i)hosphorylation of the 
latter, by ATP, to phospho(enol) pyruvic ack^'^ followed by conver- 
sion to 3-phosphogly ceric acid, phosphoiylation of the latter to 1,3- 
diphosphoglyoeric acid, and reduction of this compound to phospho- 
triose. Thus, two energy-rich phosphate bonds are needed for the 
synthesis of one glucose equivalent ( phosphotriose ) from pyruvic acid. 
Since oxidation of one mole of pyruvic acid jnay generate 15 phosphate 
bonds, it can bring about the resynthesis of 6 to 7 further molecules of 
pyruvic acid to carbohydrate; i.e., out of 6 or 7 molecules of pyruvate 
disappearing, one would be completely oxidized to COj and H 2 O, while 
the remainder would be converted to carbohydrate. This would corre- 
spond to an oxidation quotient of 6 to 7, not far from Meyerhof^s 
experimental findings. 

OXIDATION PATHWAYS AND MECHANISM OF HYDROGEN 
AND ELECTRON TRANSPORT 

There is increasing evidence to indicate that the biological oxida- 
tion of pyruvic acid and of fatty acids, and the biological cleavage of 
acetoacetic acid, yield acetyl groups which are further metabolized, 
through condensation with oxaloacetic acid, to form a six-carbon tri- 
carboxylic acid.®° The tricarboxylic acid is then oxidized stepwise to 
oxaloacetic acid, which re-enters the cycle. This is represented in 
FIGURE 2. 
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Pyruvate 



-“I 


+2H 


Succinate 

““COj 


+2H j^-2H 
Oxalosuccinate 
4 “ C02y^^C0i 


V'Ketoglutarate 




Figubb 2. Tncaiboxylic cycle. (Piogie&h of leaetiuns m the cliiectioiis indicafecl l»v dotted ar- 
rows may occur, but has not been demonstiated). 


Many of the intermediate reactions of the tricarboxylic cycle are re- 
versible. Of special interest is the reversibility of some of the decar- 
boxylations involved, since the equilibrium of such reactions is very 
far in the direction of decarboxylation. However, they can be easily 
reversed when coupled with suitable energy-yielding reactions. As 
an example, the enzymic synthesis of citric acid from or-ketoglutaric 
acid and carbon dioxide may be mentioned. The individual reactions 
and enzymes involved are the following; 


COOH 

CO 

CHj 

CH, 

COOH 

a-ketoglutaric acid 
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COOH 

CO 

COi - " HCCOQH 

CH* 

COOH 

oxalosuccinic acid 
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HCCOOH + 
CHs 
COOH 

oxalosuccinic acid 


Oxalosuccinic Carboxylase 

COOH 

CHOH 
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CHs 
COOH 

1-isocitric acid 


Isocitric Dehydrogenase 
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COOH COOH 

CHOH -HiO CH +H2O 

HC COOH II "T 

CH2 +H2O CCOOH -H2O 

COOH CH2 

COOH 

1-isocitric acid cis-aconitic acid 

Aconiiase 

and the overall reaction is : 

a-ketoglutaric acid + CO 2 4- TPNnMi ^ citric acid + TPNox. 

When this system is combined with the hexose monophosphate de- 
hydrogenase system of Warburg and Christian:^ 

Glucose-6-phoapliatc + TPN«v :;:± 6-pliosphogluconic acid + TPNr^d, 

the following coenzyme-linked dismutation is obtained : 

«-ketoglutaric acid + COi + glucose-6-pliOBphate citric acid 
+ 6-phosphogluconic acid. 

The kinetic and thermodynamic aspects of such reactions have been 
discussed in a recent article.^** The course of the above dismutation 
can be followed manometrically in Warburg vessels, owing to the lib- 
eration of CO2 from bicarbonate by the carboxyl gi’oup of phosphoglu- 
conic acid, since the CO2 fixed by ketoglutaric acid is balanced by the 
liberation of CO2 from bicarbonate by the third carboxyl group of tlie 
citric acid formed.^'* Whether these reversibilities play any role in 
the metabolism and function of muscle and other animal tissues is still 
unknown, but they are undoubtedly important in the photosynthetic 
and chemosynthetic mechanisms of plants and bacteria.^'^ 

In the case of metabolites that arc dehydrogenated by pyridine nu- 
cleotide dehydrogenases, the transport of hydrogen land electrons) to 
molecular oxygen involves a flavoprotein, cytochrome c, and cyto- 
chrome oxidase. Although this can be stated with certainty only for 
TPN systems, such as the isocitric dehydrogenase,-^ there is a factor in 
crude muscle preparations that catalyzes the reoxidation of reduced 
DPN by cytochrome and this factor is in all probability a flavopro- 
tein. Such a factor is also present in yeast.^^ Succinic dehydrogenase 
and ketoacid dehydrogenases, such as a-ketoglutaric dehydrogenase,^® 
react with cytochrome c, but other links in the chain are still largely un- 
known. A scheme of hydrogen (and electron) transport to molecular 
oxygen in carbohydrate oxidation is presented in figure 3. 


COOH 

CHj 

HOCCOOH 

CH* 

COOH 

citric acid 


* Reduced triphosphopyridme nucleotide. 
** Oxidized tnphosphopyndme nucleotide. 
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FRUCTOSE GLUCOSE 
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Figdbc 3. Intel mediate catalv&ts mvolved in the transfer of hydrogen and electrons to molecular 
oxygen in the stepwise oxidation of carbohydrate m muscle. 

Abbreviations: lAA = lodoacetic acid; OA A = oxaloacetic acid; Cyt.o = cytochrome c; 
Cyt.ox — cytochrome oxidase. 

The factor of Xiockliart ft Potter,^ and Altsclml etal” ls i el erred to as Flavoprotein I with 
a question mark. This factor is specific for DPN. Flavoprotein II, specific for TPN, is the cj'to- 
chrouie reductase of Haas, Korecker, ft Kogness (of.*°). WJiethor cytochromes a and h are m- 
volved in any of the steps is not definitely known. The impoitant discovoiy has recently been made 
that the phosphorylation of glucose by ATP to glucose-6-phosphatc, catalyzed by the enzyme 
hexokin^e, is undei the dual control of hormones from the anterior pituitaiy and adienal cortex 
on one side and insulin on the other.*®- 


INTERMEDIATE OXIDATIVE REACTIONS AND 
PHOSPHATE-BOND GENERATION 

If we consider the oxidative regeneration of ATP in terms of the in- 
termediate reactions of the tricarboxylic cycle, we find that three phos- 
phate bonds are generated in the oxidation of a-ketoglutaric acid to 
succinic acid and CO 2 ,"® but the oxidation of isocitric to oxalosuccinic 
acid does not generate any and the oxidation of succinic to fumaric 
acid probably generates only one phosphate bond.^® Thus, only a 
fraction of the total phosphate-bond generation obtained when pyruvic 
acid is completely oxidized to CO 2 and HoO is accounted for (cf. p. 838) . 

The lack of coupling of isocitric acid oxidation with phosphoryla- 
tion was established with pig heart extracts®® prepared as in earlier 
work.®® In the presence of malonate, to inhibit the succinic dehydro- 
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genase, isocitrate is oxidized to succinate + 2 CO 2 , with uptake of one 
molecule of oxygen. This is the combined result of reactions (a) and 
(b) : i'.e., reaction (c). 


COOH 
CHOH 
HC.COOH 
CH 2 
COOH 
isocitric acid 


+ 


COOH 

CO 

0 = CH2 + CO2 + H2O 

CH2 
COOH 

a-ketoglutaric acid 


(a) 


COOH 

CO 

CH2 + 

CH2 

COOH 

a-ketoglutaric acid 

COOH2 

CHOH 

HC.COOH + 
CH2 
COOH 
isocitric acid 


COOH 

CH2 

0 = CH 2 + 

COOH 

succinic acid 

COOH 

CH2 

O2 * CH2 + 

COOH 

succinic acid 


CO2 (bj 


2 CO 2 “f* H 2 O (c) 


In this system (reaction c), glucose is phosphorylated to hexosediphos- 
phate with uptake of inorganic phosphate, but this is exclusively due 
to coupling of reaction ( b j with phosphorylation, and not at all to a 
coupling of reaction (a), as is clearly shown by the experiments of 
TABLE 1, AVhen reaction (b) is inhibited by arsenite, there is no phos- 


Table 1 

Lack of Coupling of Ihocitrate Oxidation with Phosphorylation 
Samples containing pig heart extract and various additions were incubated for 
35 minutes in oxygen at 36.5°. All contained 0.055 M phosphate buffer pH 
7.0, 0.025 M glucose a« phosphate acceptor, and 0.018 M NaF, along with catalytic 
amounts of MgCh, MnCL, and ATP. Concentration of substrates: Citrate, 
0.024 M; a-ketoglutarate, 0.016 M. Concentration of inhibit orM Malonate, 
0.045 M; arsenite, 0.009 M, Citrate was used instead of isocitrate, because the 
extractb were rich in aconitase. All values are expressed in micromoles. 







a-ketoglutarate 


Ratio P 
esteri- 
fied to 
ketoglu- 
tarate 
utilized 

Reac- 

tion 

Substrate 

Inhibitors 

0 , 

uptake 

Citrate 

utilized 

formed 

util- 

ized 

P esteri- 
fied 

(a) 

Citrate 

Malonate 

Arsenite 

12.0 

24.3 

24.6 

0.0 

0.0 

— 


cr-keto- 

glutarate 

Malonate 

Arsenite 

1.9 

— 

— 

4.0 

0.0 

— 

(b) 

a-keto- 
1 glutarate 
Citrate 

Malonate 

19.2 

— 

— 

29.6 

16.4 

0.57 

(c) 

Malonate 

26.3 

31.0 

10.9 

20.1* 

12.0 

0.60 


* Difference between citrate utilized and a-ketoglutarate formed. 




844 


ANNALi^ KEW YORK ACADEMY OF SCIENCES 


phorylation (table 1). As explained elsewhere,’”’ the low phos- 
phorylation obtained by direct iiieasureiiient is duo to dephosphoryla- 
tion caused by adcnosinctriph()si)hatase and perhai-)s other ]-)hospha- 
tases, an interference that is higher in pig heart extracts than in the 
extracts of cat heart used in earlier work. 

The mechanism of the aerobic generation of phosphate bonds is 
obscure. From the work of Warburg on the oxidation of phosphotriose, 
and that of Lipmann on the oxidation of pyruvic acid by bacteria, we 
know^ that, through the formation of an acyl-phosphate bond (1,3- 
diphosphoglyceric acid, acetyl-phosphate), one molecule of ATP can 
be formed from ADP for each pair of hydrogens removed from the 
substrate,**’ but it is difficult to see how the aerobic oxidation of 
a-ketoglutaric acid to succinic acid and C^Oo, when a pair of hydro- 
gens from ketoglutaratc react with molecular oxygen to form w^ater, 
can generate not one but three phosphate bonds.^ This difficulty 
concerns only mechanism, but not thermodynamic possibility, since the 
release of energy’- in the passage of two hydrogens from the metabolite, 
at the bottom of the oxidation-reduction scale, to oxygen, at the top, is 
large enough to cover the formation of tlireo oncrgy-rich phosphate 
bonds. This, as discussed above, corresponds to about 60 per cent of 
the energy release. 
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MUSCULAR CONTRACTION 
Part IV 

MECHANO-CHEMICAL COUPLING 




INTRACELLULAR INORGANIC IONS 
AND MUSCLE ACTION 

By H. Buer Steinbach 

Depaitment of Zoology, Washington University, St. Louis, Missowi 

Inorganic ions, particularly cations, have long been regarded as po- 
tent agents for altering and controlling the activities of li\dng cells. 
The pharmacological literature is replete with studies on effects of 
altering environmental concentrations of single ions and of ion ratios. 
On the basis of such studies, a general feeling has grown up that the 
ions are important controlling factors, a feeling that is well justified, 
so far as what may be called surface effects are concerned. How^ever, 
to deduce from such experiments the roles of intracellular cations may 
not be justified, and it is with intracellular cations that we are con- 
cerned. There is, indeed, very little direct information about the ac- 
tions of cations within the cells. For example, potassium is well known 
for its effects on irritability and as an agent causing contracture, when 
supplied in excess in the medium surrounding muscle fibers. However, 
these effects are usually noted within very short times after the appli- 
cation is made and certainly are not due to any considerable changes 
in potassium within the fibers themselves. Unless one postulates that 
all effects, even on the contractile mechanism, are transmitted from 
the surface inward, it is necessary to conclude that such studies do 
not relate to actions of intracellular cations, but solely to the effects of 
the extracellular cations, either directly, acting on the surface, or in- 
directly, in upsetting a balance between tw’’o phases. 

CATION DISTRIBUTION IN MUSCLE TISSUE 

In order to evaluate the role of intracellular cations in muscle action, 
it is necessaiy to know their distribution within the tissue and the mag- 
nitudes of the changes that can be induced by various experimental 
modifications. 

In TABLE 1 are assembled representative analyses of muscles from 
different animal groups, an attempt being made to select invertebrate 
muscles which compare roughly in function with vertebrate skeletal 
muscles. For example, the retractor muscles of Thyone and Phascolo- 
soma are rapidly acting muscles arranged in bands or bundles similar 


( 849 ) 
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to vertebrate striated muscles, rather than as sheets of tissue resembling 
vertebrate smooth muscle. While most of such muscles would histo- 
logically be classified as smooth, the adductor muscle of Pecten is not 
only rapidly acting, but is striated as well. For comparison, verte- 
brate heart and smooth muscle are included in the table. 

Inspection of table 1 brings to light interesting differences between 


Table 1 

Cation Composition op Muscle 

Concentrations are given as millimols per kilogram wet weight. The figures 
in the “ratio” column were calculated by dividing the tissue concentrations by 
the corresponding ion concentrations in amphibian blood plasma, mammalian 
blood plasma, or sea water. Values for blood plasma were taken from Conway 
(1945), assuming rat plasma to be representative for mammals. Chloride con- 
tents are included in the table for comparison. 



i ^ 

Na 

Ca 

Mg 

Cl 


Cone. 

Ratio 

Cone. 

Ratio 

Cone. 

Ratio 

1 

Cone. 

Ratio 

Cone. 

Ratio 


Vertebrate — Striated 


Frogi 

83.0 

33 

26.4 

0.24 

2.5 

1.2 

8.3 

6.9 

10.9 

Rat* 

101.4 

16 

26.6 

0.18 

1.5 

0.48 

11.0 

6.9 

16.3 

Cat* 

113.5 

18 

21.4 

0.15 

0.87 

0.28 

11.6 

7.2 

13.5 

Beef^ 

84.4 

14 

18,3 

0.13 

0.67 

0.22 

7.8 

4.9 


Human® 

63.0 

10 

44.5 

0.30 

1.8 

0.58 

8.0 

5.0 

31.1 


Vertebrate — Heart 


Human® 

70.9 

11 

37.6 

0.26 

1.6 

0.52 

8.7 

5.4 

33.8 

Dog® 

77.1 

12 

32.8 

0.22 





30.4 

Beef* 

72.4 

12 

34.4 

0.24 

0.95 

0.30 

6.0 

3.8 



Vertebrate — Smooth 


Beef uterus* 

29.1 

5 

95.3 

0.65 

2.67 

0.85 

3.7 

2.3 

Beef bladder* 

77.7 

13 

58.2 

0.40 

1.27 

0.41 

4.9 

3.0 


Invertebrate 


Phascolosoma'^ 

106.0 

11 

122.0 

0.28 

8.5 

0.95 



91.0 

0.17 

Pecten^ 

107.0 

11 

184.0 

0.42 

6.5 

0.72 

26.0 

0.49 



Cardiim} 

83.0 

8 

210.0 

0.48 

17.0 

1.9 

35.0 

0.66 



Caudina^ 

138.0 

14 

191.0 

0.44 

17.0 

1.9 

8.0 

0.15 

122.0 

0.24 

Thyone^^ 

169.0 

17 

173.0 

0.39 

14.0 

1.6 



204.0 

0.40 


1 Penn, W. O. Phyaiol, Rev. 16: 450. 1936. 
s Conway, E. J. Biol. Rev. 20: 56. 1945. 

3 Penn, W. O., et al. Am. J. Physiol. 121: 595. 1938. 

« WUWne, W. Proc. Soc. Exp. Biol. & Med. 31; 1117. 1938-34. 

Onllen et a/. J. Biol. Chem. 102: 415. 1933. 

“ Mnntwyler, B., et a/. J. Biol. Chem. 134: 367. 1940. 

7 Steinhaoh, K. B. Biol. Bull. 77: 444. 1940. 

sMcOance, B. A., fe H. B. SUpp. J. Marine Biol. Assoc. 19: 293. 1933-34. 
® From Kellhrxmn, Outline of General Physiology, 
w Stelnbach, R. B. J. Cell. & Comp. Physiol. 16: 1. 1940. 
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the ions. Comparing vertebrate striated and invertebrate muscles, 
sodium ion concentrations vary greatly, while the ratios of external 
concentrations to internal show less variation and are less than 0.5, 
Chloride concentrations show similar variations, while the ratios are, 
if anything, even less variable than for sodium, the highest being 0.4. 
Many detailed studies have shown, of course, that this is because the 
greater fraction of NaCl is in the extracellular fluid and the variation 
in tissue content of either ion is primarily a reflection of a simple dif- 
fusion equilibrium between the environmental fluids and the tissue 
spaces. The relatively constant ratios, particularly for chloride, are 
indications that the relative amounts of extracellular spaces are not 
greatly different for the different muscle types. 

In contrast to the behavior of sodium, potassium is concentrated in 
most muscles ten to tliirty times over the environment. Of greater in- 
terest is the fact that the absolute concentration of potassium tends 
to remain relatively constant, regardless of the osmotic strength of the 
environment. The osmotic concentration of sea water is over four 
times that of mammalian blood plasma, while there is less than a two- 
fold difference between the potassium concentrations. From this, one 
could conclude that potassium within the cells, while it shows some de- 
pendence on potassium in the medium, is relatively independent of the 
total external ionic concentration. Potassium is an intracellular ion, 
but it is not necessarily osmoregulatory. 

Calcium and magnesium present special problems. Tissue calcium 
fluctuates from muscle type to muscle type, both with respect to abso- 
lute concentration and to internal-external ratio. Calcium is never 
greatly concentrated with respect to the environment, and the tissue 
concentration may be distinctly low. While the higher external con- 
centration of calcium in sea water (3 X mammalian plasma CaJ is 
accompanied by higher tissue calcium of the invertebrate muscles, 
the internal-external equilibrium is not one of simple diffusion since, 
with tissues from both major types of animals, ion ratios vary from 
less than one to nearly two. Magnesium, on the other hand, is more 
closely regulated with respect to absolute concentration. Sea water 
has over twenty times the magnesium concentration of vertebrate 
blood, while, for the major types of muscle, the tissue concentration 
varies only about four-fold. The result of this is that vertebrate mus- 
cle contains magnesium in considerably greater concentration than the 
external medium, while with marine muscle the situation is reversed. 

The figures given in table 1 have a direct bearing on questions re- 
lating to the roles of the ions in maintaining osmotic pressure. It is 
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usually btated that the potassiuin within tlic muscle fiber is just about 
sufficient to establish osmotic equilibrium with the external medium, 
the implication being that this is one of the major functions of the ion. 
When a frog muscle, for example, is treated with hypertonic Ringer’s 
solution, the fiber shrinks and the intrafibral potassium concentration 
increases correspondingly. While this indicates an overall osmotic 
behavior of the fibers, it docs not necessarily mean that potassium 
must normally serve to maintain the osmotic concentration. If potas- 
sium serves an osmotic function, then potassium concentration within 
the cell, no matter what the concentrating mechanism is, should be 
regulated to show a proportionality between the total osmolar con- 



Figl’ee 1 Ion content I ations of nxaiine in\eitelnate, mammalian, and amphibian muhc es as 
funntiOns of the com enti ation of the media. Tibbuc conccntiationa as in tvbu: 1. Concentiation of 
medium in niillequivalent'!i cation per kilogram. For Ci and Mg, the slopes would be slightly 
greater if tissue concentrations weie plotted as millcqmx al^*ntb mstead of milliniols. Small 
s'^Tiibols, individual figuies fiom t\blb 1; large symbols, aveiages The lines in the small 
iU eit gi\e the uppioxnnntc slopob for the ions of the medium plotted against calion equivalents 
of the medium. 

# = K; 0= Na; X « Ca;3 = Mg; Cl; F = frog;M = mammal; S. W. = sea water 
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centration of the medium and intracellular potasbium. It has already 
been pointed out that comparative figures show this is not the case. 
Upon comparing different muscle types, it is found that the absolute 
potassium concentration of the tissue tends to adjust to the potassium 
concentration of the medium, but not to the total osmolar concentra- 
tion. Figure 1 illustrates this point for potassium, as well as for other 
ions. Sodium and chloride show proportionate changes, as we go 
from muscles of vertebrates to those of marine invertebrates. These 
changes are of a magnitude that would be expected if the ions were in 
simple diffusion equilibrium with the emdronment and served to main- 
tain osmotic pressure of some parts of the tissues. On the other hand, 
potassium, calcium, and magnesium show only slight variations, as 
the total osmolar concentration of the medium shifts over a wide 
range. 

This situation, as would be expected, leads to an ion deficit wdthin 
the fibers of invertebrate muscle. No explanation of this is apparent, 
and it may be suggested that it is not an important point. The os- 
motic behavior of a cell depends on many factors and, until all the 
factors can be exhaustively evaluated, apparent discrepancies in cal- 
culated osmotic concentrations should not cause undue worry. It 
seems certain that the ^'empty sack” implied in most studies of osmotic 
behavior does not exist in biology, and the whole question of the 
possible effect of the structural arrangement of protoplasm on volume 
changes remains to be clarified. 

INTRACELLULAR-EXTRACELLULAR ION BALANCE 

Calcium 

The calcium content of muscle tissue, in general, does not differ 
greatly from that of the environment. With certain invertebrate mus- 
cles (Steinbach, 1940a j and with heart muscle (Krogh et al, 1944), 
part of the normal calcium content can be washed out, remo'vdng 
around half of the calcium normally assigned to the cells. With the 
invertebrate muscles, excess calcium in the medium leads to an in- 
crease in cellular calcium, with certain limits. Fenn et ah (1938) 
report that stimulation does not appreciably alter the calcium content 
of cat muscles, while Lissak and Kovacs note a gain in the calcium 
content of cat and guinea pig muscles with fatigue. Other literature 
has been reviewed previously (Steinbach, 1940b) . 
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Magnesium 

In frog muscle, magnesium is found concentrated several times 
over that of the environment. Conway and Crucss-Callaghan (1937) 
and Fenn and Haege (1942) note that immersion of muscles in mag- 
nesium-free solutions leads to a loss of about half the metal normally 
present in the cells. On the other hand, immersion in solutions of high 
magnesium content leads to proportional gains in magnesium of the 
cells over a considerable range. No change in magnesium concentra- 
crease in cellular calcium, with certain limits. Fenn et al. (1938) 

Potassium 

In cells in general, potassium tends to be concentrated several times 
over the environment. Many studies (see references of Fenn, 1940, 
and Steinbach, 1940b) have shown that muscles will lose potassium to 
potassium-free media. The maximum loss that can be sustained with- 
out impairing tissue function has not been determined. About a third 
of the cellular potassium can be lost to a K-free medium and then 
recovered upon immersion of the muscle in potassium-containing solu- 
tions (Steinbach, 1940c). Heppel (1939) has shown that feeding rats 
on potassium-low diets will result in removal of as much as half of 
the normal potassium content of the cells. Treatment of rats with 
Doca (desoxycorticosterone acetate) results in loss of cellular potas- 
sium (Miller and Darrow, 1941), as does also shock of various kinds 
(Tabor and Rosenthal, 1945). While there is no doubt about the 
ability of muscle fibers to lose potassium under different conditions, 
the usual vertebrate fibers appear to be saturated with this element, so 
that excess potassium in the medium, within reasonable limits, does 
not lead to increases in fiber potassium comparable to the losses that 
can be observed. The great rise reported on feeding potassium to rats 
(Bruman and Finkelstein, 1936) has not been confirmed (Heppel, 
1940), and some equally astonisliing concentrations reported upon 
adrenalectomy must be confirmed. Vertebrate muscle behaves as 
though there were a limited number of groups capable of binding potas- 
sium, and these groups are nearly saturated under normal conditions. 
This is not true of heart muscle nor of invertebrate muscle (Steinbach, 
1940b), where, apparently, the normal tissue is not saturated with 
potassium. In Phascolosoma muscles, new acid groups appear to be 
formed to take care of excess potassium introduced into the cell (Stein- 
bach, 1940a}. Solutions wi& excess potassium cause considerable 
swelling of these muscles along with the uptake of potassium, chloride 
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entering into the whole tissue in such a fashion as to keep the calculated 
non-ohloridn space reasonably constant. This leads to the interpreta- 
tion that potassium is always associated with organic components 
which occupy space not accessible to chloride. Boyle and Conway 
(1941) have made extensive investigations of the potassium content 
of frog muscles immersed in solutions of high potassium chloride con- 
centrations. As Meigs and Atwood (1916) showed many years ago, 
such muscles gain both potassium and chloride as they swell. Meigs 
and Atwood further showed that the chloride did not return to normal 
when the swollen muscles were placed in normal Einger’s solution, even 
though the muscle weights finally approximated the originals. Boyle 
and Conway have not reported on recovery of potassium-poisoned 
muscles. 

Fenn and several other workers (cf. Fenn and Cobb, 1936) have 
shown that fifteen to twenty per cent of the potassium of the muscle 
may be lost during extended activity. During subsequent rest periods, 
the potassium content returns to normal. The same general results 
are obtained in rats with low-K, hi^-Na muscles (Heppel, 1940). 
Studies with radioactive potassium (Fenn et dL, 1941) have shown 
that, over long periods of time, all of the potassium of the mammalian 
body is exchangeable. 


Sodium 

Sodium is usually thought of as existing predominantly in the body 
fluids or the external aquatic environment, although variable and 
sometimes considerable amounts are found in tissue cells, notably 
of heart muscle (Yannet and Darrow, 1940). Except in the case 
of insects (cf. Heilbrunn, 1943, p. 450), sodium is the major cation 
of body fluids. In muscle tissue, a slight excess of sodium over chloride 
is usually found. Mond and Netter (1932) have interpreted this as 
showing that some sodium can stick to the outer layers. In view of 
the large excess of sodium over potassium found in heart muscle 
(table 1) , it seems improbable that a simple mechanical hypothesis 
can account for the extra sodium; part of the tissue content of the 
element must be in the cells. 

In every case where parallel measurements of potassium and sodium 
have been under carefully controlled conditions, a reciprocal relation- 
ship has been found of such a nature as to indicate that, when potas- 
sium leaves the cells, sodium enters. To select recent instances, this 
has been noted in mammals with low potassium diets (Heppel, 1939; 
Miller and Darrow, 1940) ; following shock (Tabor and Kosenthal, 
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1945) ; during contraction (Fonn et al, 1938) ; and upon treatment of 
heart with such drugs as digitalis (Wood and Moe, 1942). In iso- 
lated frog muscle, the exchange has been noted by Fenn and Cobb, 
(1934) and by Stcinbach (1940c). The reverse exchange, potassium 
for sodium, in the cell when corrective meabures are applied, has not 
been studied in all cases, but has been iioied for the isolated frog mus- 
cle (Steinbach, 1940c) ; for rat muscle (Miller and Darrow, 1940) fol- 
lowing injection of KCl into low-K animals; and for the rat, cat, and 
frog following stimulation (Fenn, 1940). 

Chloride 

Chloride must be considered briefly, since it is probably related to 
cation balance in the protoplasm. As noted in table 1, there is usually 
less chloride than sodium in muscle tissue and, therefore, assuming the 
extracellular spaces to be equilibrated with body fluids of external en- 
vironment, tl\ere must be less chloride than sodium inside the cells. 
Several studies have shown, however, that extracellular space, meas- 
ured by other methods (Mg-space, inulin space, etc.), is smaller than 
the so-called chloride space (cf. Wilde, 1945). In addition to this, 
methods commonly used for estimating chloride have recently been 
called into question (Heilbrunn and Hamilton, 1942; Wilde, 1945). 

THE ACTION OF INTRACELLULAR CATIONS 

The studies reported on ion balance have shown that individual ion 
concentrations arc regulated by special selective mechanisms in such a 
fashion that normal physiological variation occurs only over narrow 
limits, and that it is a rather difficult and slow process to change ap- 
preciably the cation composition of the interior of the muscle fiber. 
Keeping these two points in mind, it becomes apparent, on surveying 
our knowledge, that we have few, if any, clear-cut demonstrations of 
effects of intracellular cations on the contractile mechanism. This 
statement is based on the assumption that irritability can be separated 
from the contractile processes. While there is no doubt that these 
functions are closely related, it has been demonstrated with heart mus- 
cle and with single striated fibers that the conducting mechanism can 
be stopped, leaving local graded contractions of an extent depending 
on stimulus strength. Buchthal et al. ( 1943) discuss evidence that the 
contraction wave of a single fiber has characteristics quite different 
from the usual excitation wave. Therefore, while some valuable data 
may be excluded, this discussion will deal only with cases where an 
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unequivocal change in protoplasmic cations can be assumed to have 
taken place. 

Some of tlie difBcultios may be illustrated by considering potassium, 
one of the ions easiest to move to and from the muscle fiber. Potas- 
sium causes contracture in muscle fibers when applied in excess. This 
contracture usually occurs at a potassium level three to fom* times the 
normal plasma level and at a concentration far higher than is neces- 
sary to abolish normal response to electrical stimuli (Hegnauer et alj 
1934 j . However, the contracture can be elicited by test exposures of 
only thirty seconds to the high potassium solutions. Obviously, al- 
tered surface conditions must be involved. The effect could be related 
to the irritability mechanisms, rather than to the contractile mecha- 
nisms themselves, although the maintenance of contracture and asso- 
ciated chemical changes may be conditioned by high intracellular potas- 
sium. Studies of excess potassium on striated muscle have the further 
limitation that the fibers are already more or less saturated with the 
element. With heart muscle containing exchangeable Na witliin the 
fibers in larger quantity, the effect of potassium appears to be mainly to 
abolish the normal conducting mechanism (Zwikster and Boyd, 1935). 
Heart muscle treated with salt solution of about six times the normal 
K concentration will still respond to electrical stimuli, but in a graded, 
non-conducting fashion. 

During the course of experiments dealing with the production of 
low-K, high-Na rats, observations have been made to show that there 
is no obvious correlation between the level of potassium and the ability 
to perform work (Miller and Darrow, 1941 ) , and that the release of 
potassium from the fibers in exchange for sodium during activity re- 
mains nearly normal (Hcppel, 1940j. From tlie data reported, it is 
impossible to tell whether such things as rate of development of ten- 
sion or rate of relaxation have been affected or not. Low-K muscles 
appear to fatigue easily and to develop less total tension (Heppcl, 
1940). In fact, there arc several reports in the literature on the anti- 
fatiguing effect of injected potassium chloride. This effect is presum- 
ably related to the loss of potassium during contraction, this loss being 
less if the inside-outside gradient is lower due to the injected salts. In 
addition, there are experiments (Miller and Darrow, 1940J to show 
that potassium-depleted animals can witlistand a stronger dose of in- 
jected potassium than can normal animals, thus indicating that the 
muscles serve, in part, as a relatively indifferent potassium reservoir 
which can vary within fairly wide limits. That excess potassium does 
have internal effects on cells, has been shown by Heilbrunn and his 
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students (cf. Heilbrunn, 1943), but a direct action on the contractile 
mechanism of muscle has not been demonstrated. What is needed 
is a careful and precise study of the reversible effects of altered intra- 
fibral potassium on time and tension constants of the simple muscle 
twitch. 

The situation with respect to the other ions is similar. The two 
most recent studies on magnesium effects (Fenn and Haege, 1942; 
Ashkenaz, 1938) note that increased magnesium (shown by Fenn to 
result in increased intracellular Mg) is accompanied by a considerable 
rise in rheobase, but no comments are made on tension developed or 
such factors relating to contraction. It has been shown that calcium, 
injected into single muscle fibers (cf. Heilbrunn, 1943), will cause 
marked contracture, but the probability is that the local concentration 
was greater than could be mustered in the normal life of the cell. 
There is some evidence that calcium is freed from an un-ionized state 
during activity (Heilbrunn, 1943). 

The effect of calcium in increasing the amplitude of the heartbeat 
may well be a case of direct action of intracellular calcium on the con- 
tractile mechanism. According to figures given by Clark (1938, p. 
224) , a four- to five-fold increase of calcium in the fluid perfusing a frog 
heart gives a doubling of amplitude with only a minor change in dura- 
tion of the beat. Similar effects of excess calcium on voluntary muscle 
have also been reported. 

The experiments adduced to show a general lack of effect on the con- 
tractile mechanism of altered intracellular potassium would also apply 
to sodium, since these two ions have been shown to bear a reciprocal 
relationship to each other. Protoplasmic sodium can be varied within 
rather wide limits, without effects that can be ascribed directly to the 
tension-developing mechanisms. 

The importance of the protoplasmic cations for muscle contraction, 
as distinct from the phenomena of stimulation, thus seems to be indi- 
cated, mainly indirectly, by two lines of evidence: (1) the special 
distribution of the cations between fibers and environmental fluid; and 
(2) the changes noted during activity. The changes in potassium con- 
tent of muscle during activity have not been seriously questioned. 
Fenn et al (1941) have also described experiments which indicate that 
the rate of penetration of radioactive potassium (permeability) is not 
significantly altered during activity. Thus, the potassium release 
from the fiber (and uptake during recovery) must relate to changes 
within the fiber, rather than to changes in ease with which the cations 
can cross the surface. This might signify appearance of potassium 
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ions from some reservoir of bound material opened up by activity, as 
has long been claimed by Ernst. The case for calcium and magnesium 
changes during activity is not as well established, although evidence 
has been adduced to favor an appearance of calcium ions during con- 
traction (cf. Heilbrunn, 1943). The failure to observe changes in 
calcium and magnesium concentrations in stimulated muscles (Fenn 
et al., 1938) might be related to the low diffusion gradients operating, 
as compared to the high gradient for potassium. 

Evidence that the cations play a role in normal muscle action may 
also be gained from histochemical studies of the distribution of min- 
erals. In general, however, localization of materials in muscle by 
histochemical methods has not led to unequivocal results. A notable 
exception is the study by Caspersson and Thorell (1942) showing ultra- 
violet absorbing areas in the I disks. Macollum (1905), using a 
cobalti-nitrate reagent applied to living muscle fibers, claimed that 
potassium was localized in the A bands. Macollum used muscles from 
a variety of animals, including insects which have widely spaced bands. 
His results were termed artifacts by Gersh (1938), who used frozen- 
dried sections of frog muscle having very narrow, closely spaced bands. 
Gersh claimed that Macollum's results could be obtained when a slight 
amount of water was added to the dried system before potassium pre- 
cipitation, the implication being that the potassium was differentially 
concentrated from a normal, evenly dispersed condition during the 
water treatment. It is difficult to criticize histochemical work, since 
the personal element is very important in such delicate techniques, but 
the reasoning used by Gersh seems open to question. Many of the 
fibers of a block of muscle are contracted or started to contract during 
quick freezing (Scott and Packer, 1939). Bureau (1934), using fresh 
fibers from the frog, and confirming Macollum, claims that the slightest 
contraction causes an even distribution of potassium, the normal con- 
dition being a localization of the element in the A bands. It seems 
quite probable, then, that the banding, observed by Gersh when a little 
water entered his dried preparations, represents a shift back to what 
may be a normal condition. In any case, it seems safe to adopt the atti- 
tude that the localization shown by Macollum, Bureau, and others 
does bear a definite relationship to the chemical make-up of the fiber 
and is probably related to the normal distribution. Dubuisson (1942) 
has recently reviewed the whole question and feels strongly that 
potassium is localized in the anisotropic regions. 

Mineral distribution has been studied by both microincineration 
methods and the emission electron microscope (Scott and Packer, 
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1939 j. The greatest deposits of ash correspond to the A bands, al- 
though, in frozen-dried material, appreciable quantities are in the I 
disks. This is in contrast to the findings on ordinary fixed material, 
which show the deposits in the A bands, but little or no ash in the L 
Minerals appear to be free to bo washed out in the I bands, but not in 
the A, This finding agrees with the results of the ion balance studies, 
particularly of calcium and magnesium, which show that only a part of 
the ion content can be washed out of fresh muscle fibers. Furthermore, 
in view of the fact that calcium may be present in muscle fibers in a 
concentration lower than the environmental concentration, one is led 
to suspect that what Scott and Packer designate as calcium and mag- 
nesium may be mostly magnesium. Calcium and magnesium are con- 
centi’ated in the ^^contraction bands” and, in the resting muscle, in the 
A disks, although the distribution may not be exclusive. Deucher 
(1941) has studied glycogen distribution, and claims a localization 
in the A disks. Deucher also confirms Macollum in finding the potas- 
sium in the A disks. 

The diagram published by Verzar (1942) contains most of the prob- 
able distributions of special components of an ordinary striated mus- 
cle. This diagram shows the A bands containing glycogen, myosin, 
potassium, and the alkaline earths, the I bands containing the non- 
myosin proteins, ATP, and the intrafibral sodium. The evidence, thus 
summarized, is strongly indicative of a compartmentalization of stra- 
tegic material within the striated muscle fiber, a condition very likely 
to be associated with rapid action and recovery. In contrast, the 
same general studies have shown that, with smooth muscle, a more 
uniform visible distribution is encountered. An orientation of active 
components in smooth muscle may still be assumed to exist, as has 
been indicated for other types of cells iSpiegelman and Steinbach, 
1945), but the less rigid segregation might bo thought to offer a less 
effective controlling system for rapid muscle contraction. 

It is of some interest that a selective distribution of cations within 
the fibers would account for a great many observations on cation bal- 
ance. For purposes of calculation, we can make the following assump- 
tions about the frog sartorius, following the suggestions of Dubuisson. 

1. Extracellular space is about 15 per cent of the total tissue volume. 

2. Potassium is concentrated in the A bands, the concentration being 
nearly equal (90 per cent) to the total ionic concentration of the 
medium (240 meq./liter). We also assumed that potassium is com- 
bined with a polyvalent ion, or is '"bound.” All volume changes due 
to osmotic pressure variations take place in the A bands. 
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3. The sarcolemma is permeable to all inorganic ions. The distri- 
bution of ions between the I region and extracellulai- fluid thus follows 
a simple Donnan equilibrium. Na is assumed to make up 90 per cent 
of the cation content of the I bands. 

The curves in figure 2 show the concentration of potassium, sodium, 
and sodium plus potassium of the whole sartorius muscle equilibrated 



with Ringer's solution of different NaCl concentrations. The points 
following the curves represent observed values (Steinbach, 1944). On 
the whole, the agreement is very good, the deviations at high external 
Na* concentrations being such as would be predicted if some exchange 
of Na* for K* of the A bands could take place. Chloride values are 
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not shown, but, assuming a reasonable value for non-diffusible anions 
of the I bands, chloride contents of whole muscle may be calculated 
with comparable accuracy. 

Besides accounting well for the total cation content of muscle, the 
distribution scheme would explain the otherwise puzzling finding that 
the rate of exchange of radioactive intracellular sodium of muscle is 
greater than tlic rate for potassium. Potassium release upon contrac- 
tion may be accounted for by assuming that contraction involves a 
loosening of the structural forces that maintain the normally highly- 
oriented A band condition. 

ION EFFECTS ON ENZYME SYSTEMS 

There are numerous instances in the literature where the common 
ions have been sliown to influence various steps in the glycolytic sys- 
tems. Much of this work is summarized by Barron (1943). Boyer 
et al. (1943) show that potassium specifically increases the rate of 
creatine phosphorylation. This action is in addition to a stimulatory 
effect of Mg” or Mn^, and is antagonized by Ca^. The optimal effect 
of K*" occurs over a rather wide range of concentrations (from about 
10-“ to 10'^), but well within the range that could be provided by the 
normal K'^ content of muscle, whether part of the potassium was bound 
or not. If creatine phosphate is concerned with recovery reactions, 
these findings might well explain the effect of KCl injections on re- 
covery from fatigue. It might also be postulated that a release, dur- 
ing contraction, of potassium ion from a previously bound state facili- 
tates recovery from the contraction. This, in turn, is accompanied 
by a rebinding of the ion. In an earlier paper, the authors note that a 
calcium ion concentration of about 10'® inhibits phosphocreatine for- 
mation by over 90 per cent. Thus, there is a possibility of a dual con- 
trol of the recovery reactions in nomal muscle. An initial increase of 
calcium ion (the calcium release cited by Heilbmnn) would inhibit 
the formation of phosphate donors (concerned with recharging or re- 
covery) during active phases of shortening or development of tension. 
Accompanying the tension development, potassium ion increases, and 
calcium rebinding could occur with consequent release or stimulation 
of the recovery mechanisms. One of the virtues of the work by Boyer 
et al. is that they worked with muscle homogenates, rather than with 
purified enzyme systems. While this has a disadvantage, in that it is 
difficult to tell exactly which enzyme is being influenced by an ion, it 
gives important physiological information in dealing with systems that 
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more nearly approximate the conditions within the muscle than do 
mixtures of purified materials In connection with this, it is interest- 
ing to note that Boyer ef al. (1943) find no stimulating effect of Ca on 
ATP hydrolysis, nor is there any inhibition by oxalate. This behavior 
has also been reported for the apyrase system from chick embryo ma- 
terial (Moog and Steinbach, 1945) . 

By far the greatest interest in recent years has centered on myosin 
and, in particular, on the calcium activation of the ATPase activity 
(cf. Bailey, 1942) . At a very alkaline pH and within a rather narrow 
range of substrate-enzyme ratios, calcium has a pronounced stimu- 
lating effect on the hydrolysis of the terminal phosphate of ATP. 
Coupled with the finding that myosin is diflScult to separate from the 
enzyme, the discoveiy of the ATPase activity has led to many in- 
vestigations, and even more speculations, concerning the role of the 
protein as a de\'icc for the direct conversion of chemical (phosphate- 
bond) energy to mechanical energy. Engelhardt (1941) considered 
that the hydrolysis of ATP caused the re-extension (relaxation) of 
myosin and, hence, of tlic muscle. Bailey (1942), impressed by the 
role of calcium, relates the ion effects to the calcium release theory 
of stimulation, thereby implying that the hydrolysis of the ATP 
(stimulated by the release of calcium ions) causes the contraction. 
Bailey, however, does not specifically uphold any one point of view. 
The question of activity is. recovery methods of coupling has been 
reviewed by Sandow (1945). 

It is probably premature to consider that the normal physiological 
role of calcium in muscle contraction is related to the activating effect 
upon the myosin- ATPase system. Banga (1941-42) has shown that 
all common ions, including both calcium and magnesium, have activat- 
ing effects on the hydrolysis of ATP The major difference between 
calcium and magnesium appears to be that they operate over different 
concentration ranges Banga reports that magnesium activation is 
optimum at around 10"‘ M, while calcium acts most strongly at 10"® M 
Both ions inhibit at high concentrations. In addition, many myosin 
preparations show virtually no effect of calcium, or even a slight in- 
hibition. Such preparations are not affected by oxalate. In any 
case, the conditions laid down by Bailey for maximum calcium effect 
(low enzyme concentration and higli pH) could hardly be expected to 
hold in normal muscle (see, however, Gre^’ille and Lehman, 1943). 

Additional difficulty arises, particularly with respect to the well- 
known antagonism of calcium and magnesium. Greville and Lehman 
(1943) and Banga and Szent-Gyorgyi have shown that magnesium, K)-® 
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Table 2 

Calcium activation and inorganic sodium triphosphate inhibition of the hydroly- 
sis of ATP by myosin. Rabbit myosin preparation, first precipitate washed and 
rcdissolved in 0.5 M KCl-NaHCO«, one ml. containing 0.98 mg. N. Hydrolysis 
tests at 37° C., reaction volumes Ifii ml. Besides the additions noted in the table, 
the contents of each tube was 0.03 M in KCl, ca. 0.05 M Barbital buffer, pH 7.3 
and excess 7" ATP phosphouis. 


Activity /igP/mgN/min. 


Ca concentration 

Concentration Sodium Triphosphate 

0 

0.0014 

0.007 

0.014 

0 

56 




(0.003M Na oxalate) 





0 

58 

26 

20 

18 

0.0025 

65 




0.005 

68 

59 

71 

42 

0.0075 

61 




0.010 

61 

59 

65 

59 

0.020 

60 

57 

55 

57 

0.030 


65 

65 

65 


M, will inhibit the activation caused by 10"-^ M CaCls. This, presum- 
ably, relates to the differences in optima noted by Banga; hence, there 
is no way by which the magnesium inhibition could be overcome by 
adding more calcium. Excess calcium would merely enhance the in- 
hibition. Greville and Lehman were probably correct in concluding 
that the usual calcium antagonism to magnesium narcosis relates to 
effects on the myo-neural junction. 

Tests on a large number of rabbit myosin preparations have shown 
that calcium activation of the ATPase system may be highly variable. 
In some instances, little or no activation is noted. An example is given 
in TABLE 2. Not only is the maximum activation less than 20 per cent, 
but oxalate has little or no effect. The table also includes data on the 
joint action of calcium and the inhibitor, inorganic sodium triphos- 
phate, on myosin-ATPase. Calcium activation may be simulated per- 
fectly by such systems, and, in all probability, calcium effects on crude 
extracts may relate to removal of natural inhibitors, rather than to 
direct activation of an enzyme. 

During the course of work on apyrase activity of cytoplasmic gran- 
ules, calcium activation was noted only under conditions that might be 
suspected of distorting the granular structure. Similar preliminaiy 
tests have been made on muscle. Frog muscle was frozen in dry ice, 
ground and extracted in the cold wdth M/IO KCl, pH 7.3. The whole 
mixture was sent through a homogenizer, and large particles were al- 
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lowed to settle oif, or were centrifuged off at low speed. The resulting 
cloudy supernatant contained particulate units of varying size and 
shape, apparently representing fragments of muscle fibers. This 
particulate material was collected in the cold by centrifuging at about 
21,000 g for fifteen minutes, resuspended in M/10 KCl and tested 
for apyrasc activity. The preparation was highly active (table 3}, 


Table 3 

Effects of treatment of particulate matter from frozen-ground extracts with 0.5 
M KCl. Particulate matter prepared from undialyzed extracts as described in 
the text. Each reaction tube contained 1.5 com. fluid, pH 73 (Barbital buffer) 
0.07 M KCl with ATP in amounts such that labile phosphate was greater than 
twice the amoimt of free phosphate appearing during the test. CaCh, when 
added, was 0.003 M. All tests at 37® C. a and b, sepai-ate experiments. 



Acti 

PgP/mg 

-Ca 

vity 

N/miii. 

-j-Ca 

+°^xl00 
— Ca 

Untreated, a 

7.1 

5.2 

73 

Untreated, b 

20.4 

14.5 

71 

KCl treated a (3 hrb.) 

6.4 

8.3 

130 

KCl treated b (1 hr.) 

19.6 

23.1 

118 


but showed an inhibition with calcium. One sample of suspension was 
then made M/2 in KCl, and left in the cold for three hours, together 
with a control sample correspondingly diluted with M/10 KCl. 
Apyrase tests of strong KCl-treated and untreated material, at com- 
parable ionic strengths, showed that the KCl treatment had resulted 
in a preparation showing calcium activation (table 3) . 

Additional preliminary observations indicate that the enzymatic 
activity of the particulate matter depends, perhaps, upon the method 
of grinding the tissue, as well as upon the extracting medium. Com- 
parable samples of frog muscle w’^ere obtained, and one sample w^as 
frozen and ground, as described for the experiments reported in table 
3. The other sample was ground in the cold, but unfrozen, in a mortar 
and then in a AVaring Blendor. Both samples w’ere homogenized, 
cleared, and fractionated as described before. Enzymatic activity 
of both final supernatants and particulate fractions was studied. 

The M/10 KCl supernatants both showed fair apyrase activity with 
marked calcium inhibition. Particulate material showed greater 
enzymatic activity and less effect of calcium (table 4). With the 
material gi’ound w’hile still unfrozen, however, the relative activity of 
the particulate material was much greater, and the activity of the 
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Table 4 

Hydrolysis of ATP by muscle extracts prepared in M/10 KCl, pH ca. 7^, from 
frozen-ground (A) and imfrozen-ground (B) frog muscle. Extracts cleared of 
large particles by three-minute centrifuging at 2,000 g. Cleared extracts 
dialyzed overnight against lOx their volume of HaO, and then fractionated into 
particulate matter and supernatant by centrifuging 15 minutes at 21,000 g. 
Eeaction mixtures as in table 3. 



/LigP/mgN /minute 

+Ca 


-Ca 

+Ca 

-Ca 

Prozen-ground, soluble 

5.9 

2.0 

34 

Frozen-ground, particulate 
Unfrozen-ground, soluble 

9.1 

3.1 

6.9 

0.65 

76 

21 

Unfrozen-ground, particulate 

18.0 

16.3 

91 


soluble portion correspondingly less, than the comparable preparations 
from frozen-ground material. Since the freezing-grinding technique 
may be assumed to cause less change in all chemical equilibria of the 
system, these results would tend to confirm Kalckar’s (1942) sugges- 
tion that the ATPase is really adsorbed vei 7 tightly to myosin, but 
may be free in the muscle. 

The reaction of soluble enzyme systems to ions is of passing interest. 
At constant ionic strengths in the reaction mixtures, the activity is 
somewhat greater with potassium than with sodium. The effects are 
not very striking, however. Calcium and magnesium have been 
studied (table 5). Calcium shows a strong inhibition at all concen- 
trations tested; magnesium activates at concentrations up to 3.3.10"^ 


Table 5 

Effects of calcium and magnesium of ATP hydrolysis by frozen-ground muscle 
extracts. Preparation and testing as described in table 4, except that dialysis was 
carried out against M/10 KCl. Tests on extracts without removal of nno par- 
ticulate matter. 


Concentration of 
added salt, x lO”** 

Activity 
/xgP/mgN /min. 

CaCls 

MgCl2 

0 

0 

3.4 

1.6 

0 

2.7 

3 3 

0 

2.1 

6.6 

0 

2.0 

13.2 

0 

1.7 

19.8 

0 

1.6 

0 

1.6 

5.5 

0 

3.3 

4.7 

0 

6.6 

3.3 



STEINBACH: INORGANIC IONS AND MUSCLE ACTION 867 


M, but higher concentrationis inhibit. The soluble enzyme could be 
best described as an apyrase, since it appears to hydrolyze both labile 
phosphate gi'oups from ATP. At pH 7.3, activity with phenylphos- 
phate as substrate is less than one-tenth the activity with ATP. In 
view of these results and those reported by the Szent-Gyorgi group, 
it is obvious that the whole phosphatase system of muscle needs 
much closer examination. The enzymes that can split ATP in muscle 
are several, and reactions to ions are quite dissimilar for the different 
components. 

Recently, Szent-Gyorgyi and his group have published a series of 
papers dealing with the ^^myosin system” which gives several new reac- 
tions to take into account in considering the action of ions in proto- 
plasm. They find that what has been termed myosin consists, in 
reality, of two water-soluble proteins, myosin and actin, which can 
reversibly combine to give actomyosin, the common myosin, soluble 
only in strong salt solution. Actin shows flow birefringence, has pro- 
nounced anomalous viscosity, and can exist in an inactive form with 
properties in solution more nearly resembling myosin. The reactions 
that exist, according to the Szent-Gyorgyi group, may be outlined as 
shown in table 6. 

Actomyosin threads (Gerendas, 1941-1942; Szent-Gyorgyi, 1941- 
1942) , in the presence of traces of salts, will contract vigorously to 
about one-third the original length, upon the addition of ATP. Re- 
laxation is not spontaneous, but can be induced by altering the ionic 
environment in such a way as to cause swelling (excess KCl) . While 
the papers are not entirely clear on this point, it appears that the con- 
traction of threads, in the presence of 0.1 M KCl, is less rapid upon 
the addition of ATP than in the absence of KCl. However, if 10“® M 
MgCl 2 is added to the KCl solution, the ATP contraction is greatly 
enhanced. Szent-Gyorgyi (1943) states that calcium will not substi- 
tute for magnesium and, in some cases, will inhibit the contraction al- 
most completely. 

The work by Szent-Gyorgyi and his gi*oup provides a great deal of 
information that should stimulate much further interest in the muscle 
proteins. While the details must await confirmation, it seems ap- 
parent that the major outlines are correct, and that the fibrous protein 
system of muscle is in reality two proteins. One, myosin, is asso- 
ciated with phosphatase activity, and the other, actin, has such a very 
long molecule that it is probable that it supplies the continuous fiber 
structure noted by Schmitt and others. ATP, according to the several 
authors of The Studies, combines with myosin; the actomyosin is 
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Table 6 

Summarized from ^'Studies from the Institute of Medical Chemistry, University 
of Szeged,” Vol. 1, 2, 3. Enzyme presumably ATPhase or apyrase. + = solu- 
bility or activation, — = precipitation or inhibition. Figures iii parentheses give 
order of magnitude of concentrations (sec text). 


Thread 

contraction 


Thread 

formation 


Solubility 


Components 


Enzyme 

activity 


+H2O 


H2O 


Ca, Mg (10“^) 
K, Na (10®) 


Actin 

(inactive) 

<-Cations+ 

Mg[ (10-) 

K* } (10°) 

Actin 

(active) 


+ 


'ATP 


-b Mg (10-^) 

Lk (10-0 

-Ca (10-0 


+H 2 O 4 

+NaK (10-0 

rNa, K (10-») 
LCa, Mg (10-0 

-H 2 O 4 

+K, Na (10-0 


-Myosin 


ATP 


-Actomyosin 
(Myosin B) 



ATPase 

Mg (10-0 
^ ^ (10-*) 
Na (10-0 


-[ 


Mg (10-») 
Ca (10-‘) 
K-Na (10°) 


split; contraction takes place; hydrolysis occurs, and the actomyosin 
is refonned. Physical effects (thread contraction, change in flow 
birefringence due to ATP) are noted only with the actomyosin, and 
not with the single proteins. The order in which tlie reactions take 
place is not certain, although Szent-Gyorgyi appears to favor the idea 
that the ATP-myosin complex is contractile, possibly without direct 
transfer of phosphate to the myosin. In precipitation experiments, 
no phosphate is found bound to myosin, after the addition of ATP. 
No studies are reported on the possible contraction of actin alone. 

The majority of the ion effects described on the actin, myosin, and 
actomyosin proteins appear to be non-specific, in that sodium will 
usually substitute for potassium, and magnesium for calcium. With 
purified myosin, however, as with the impure myosin (actomyosin of 
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unknown proportions) of earlier work, potassium salts are somewhat 
better solvents than sodium salts. In general, calcium and magnesium 
are more potent prccipitants of actin and myosin than are potassium 
and sodium, and the former are also much more effective in activating 
actin. No great difference is noted between the members of a pair, 
however. Aside from the different effective concentration ranges of 
magnesium and calcium in activating the ATPase system, the only 
really specific ion effects noted are those of magnesium and calcium on 
thread contraction. In concentration ranges likely to be encountered 
within the muscle fiber, calcium inhibits thread contraction while ac- 
celerating hydrolysis of ATP; magnesium accelerates thread con- 
traction and inhibits ATP breakdown. These findings could be built 
into a theory of ion action, if we could assume that the ATP bind- 
ing for contraction involves both a contractile protein and an enzyme, 
while hydrolysis concerns only the enzyme. If dephosphorylation 
occurred with excessive speed, the contractile complex might, in a 
practical sense, never be formed. Magnesium would be effective in 
promoting contraction of isolated threads by slowing down the rate 
of hydrolysis, rather than by promoting a reaction directly. This 
hypothesis would also fit in with the apparent release of calcium ions 
during contraction. If excess calcium inhibits thread contraction, then 
the release of calcium from muscle might indicate the removal of 
excess from the fibers, partial inactivation of the hydrolytic system, 
and contraction due to the formation of a stable ATP-contractile- 
protein complex. The obvious major difiiculty is that magnesium 
treatment should actually give contraction, rather than anesthesis. A 
way around this objection may be offered by the finding (Banga, 1943) 
that magnesium greatly accelerates other phosphatase systems asso- 
ciated with the muscle proteins, possibly leading to a depletion of local 
supplies of ATP. Since ATP is presumably localized in the I bands 
of resting muscle, magnesium penetrating freely into these bands could 
cause such a change. 

The evidence that has been summarized so far does not lead to any 
veiy far-reaching conclusions about the roles of the intracellular ca- 
tions. The major points shown are as follows: 

1. Intracellular cations are probably distributed (localized) rela- 
tive to intracellular structures. They are not evenly dispersed. One 
may infer that, for every equilibrium point betw'een internal and ex- 
ternal concentrations of an ion, there is a corresponding structural 
equilibrium within the cell. 

2. Intracellular cations influence a variety of enzyme systems in 
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contractions likely to be found in muscle. Control of reactions by 
cations is doubtful, however, unless it can be shown that there is vir- 
tual exclusion of a specific cation, as an ion, from a specific region. 

3. For those ions adequately tested (potassium and sodium), large 
changes in intracellular concentrations can be effected without de- 
stroying the ability of a muscle to do work. 

4. Intracellular cations are in some sort of labile equilibrium with 
the same cations of the external medium. This equilibrium, for at 
least some ions, is shifted during activity. 

From these points, one can conclude that intracellular cations prob- 
ably act primarily in relationship to the organic structure of the cell. 
One may visualize the resting muscle as having the highly oriented 
protein units of the A bands bound tightly together with an associated 
potassium component. The structure of the A bands will then be, 
in part, a potassium stmeture, and will be balanced with respect to 
the environmental (or I band) potassium concentration. Sudden ad- 
dition of excess potassium would involve readjustment in one direction, 
while addition of competing ions, particularly sodium, would also 
cause readjustment. Following the readjustment, a new stable struc- 
tural equilibrium would appear, which might be nearly “normal” so 
far as contraction is concerned. In other words, the only effect of 
changes in intracellular potassium, so far as function of the tissue is 
concerned, might be to cause a transitory response during the shift 
of equilibrium. These considerations give a description of response of 
muscle to altered ionic environment that is identical with that detailed 
by Krogh et al. (1944) . Treatment of the frog heart with small quan- 
tities of K-free Ringer's solution causes temporary cessation of beat, re- 
covery taking place in a short time. Treatment witli a fresh sample of 
K-free solution elicits the response again, a process that can bo repeated 
many times. Each washing removes cellular potassium, yet each time 
the heart becomes readjusted to the altered content of intracellular ion. 
The sensitivity of cells to cations of the environment thus is not an 
indication of changes in the cation content of the cells, but of struc- 
tural adjustment occasioned by upsetting an equilibrium. 

From the recent work of Szent-Gyorgyi and others, and from the pres- 
ent discussion of cation localization, it is possible to build up a diagram- 
matic picture of the distribution of components in a muscle fiber. Two 
proteins, actin and myosin, must be considered. Actin, apparently, 
is the only protein known at present that could give directly the very 
long threads shown by the electron microscope (Schmitt) to extend 
through consecutive A and 1 bands. Myosin appears to exist in units 
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of about one micron long (Mommaerts, 1946). According to Buchthal 
and Knappeis (1943), there is somewhat less myosin than would be 
necessary to fill the A bands. Since the Szcnt-Gyorgyi group has shown 
a very strong bonding between myosin and actin, one could assume that 
a myosin-actin combination might tend to be more rod-like than either 
myosin or actin alone. If we furtlicr assume that there is some mutual 
attraction of myosin units, then the A bands could be represented as 
highly oriented actomyosin rods, the uncombined actin molecules ex- 
tending on into the I bands, unsupported by myosin and, hence, less 
highly oriented and showing the characteristically lower birefringence. 
In the I bands, also, one would presumably find the globular proteins 
of muscle. 

The tightly packed A bands may contain an excess of potassium, 
magnesium, and possibly some calcium. The I bands might be as- 
sumed to be in simple Donnan equilibrium with the external fluid en- 
vironment, with respect to sodium, potassium, calcium, magnesium, 
and chloride. Calculations based on such assumptions as these lead 
to computed ion contents of whole muscle that fit published experi- 
mental results very closely. 

If such a scheme is correct, then the major problem is to account for 
the distribution of ions between the A and the I bands, not between tlie 
external fluid and the muscle fiber. A part of this distribution prob- 
ably relates to what can be called ion binding. According to several 
authors (cf., for example, Montigel, 1943), myosin selectively binds 
potassium. No explanation of this behavior has been offered. It 
may be that potassium, with its smaller effective diameter, can ap- 
proach the charged groups of the protein closer than sodium. If the 
distance of approach were less than the critical 3.6 A, association to 
a greater or lesser extent would take place. Again, the packing in the 
A bands might play a direct structural role in selection of K and ex- 
clusion of Na, the latter ion being highly hydrated and effectively 
larger. 

The exchange resins may offer an instructive analogy here. These 
solid resins are well known as de-ionizers. According to figures cited 
by Myers (1943), at equal pH’s, a sample of acid resin titrated with 
KOH will contain considerably more base than will a similar sample 
titrated with NaOH. In the cases of calcium and magnesium, one 
may invoke the well-known binding by protein in general as an ex- 
planation of concentrations observed. This may relate to the fact 
that, in spite of great hydration, these ions with their double charge 
present very concentrated centers of attraction. 
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This discussion has been based primarily on striated muscle. The 
same considerations of the relationships of cations and protoplasmic 
structure may, however, apply to other cells as well. The occurrence 
of particulate matter in all types of cells is now well known. The 
high degree of organization of striated muscle may be regarded as an 
extreme of such organization. Both granules and fibrillar structures 
of culls may well be related to cation distribution. 
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THE INTERACTION OF MYOSIN AND 
ADENOSINETRIPHOSPHATE 

By Shih-Chang Shbn 

The Inshtute of Physiology and Psychology, Shanghai, China 

The unique structure of muscle has long been a subject of intensive 
study and speculation. It is the first and perhaps the only biological 
structure in which the fundamental relationsliip between morphological 
form and protoplasmic organization has been clearly demonstrated. 
The elongated muscle tissue is essentially a bundle of long protein fibers 
arranged parallel to each other. The latter are, in themselves, made up 
of elongated protein particles, myosin, grouped together in a more or 
less end-to-end fashion. That the myosin particles are the basic struc- 
tural units of muscles, has been a well accepted view. Although it 
seemed only logical that these struetural units might also be the func- 
tional elements of the muscle, the surmise has not, until recently, been 
substantiated by any direct evidence. In other words, while a striking 
similarity in basic structure of a muscle fibril to that of a myosin 
fiber was observed, there was no evidence to show that the latter 
was capable of activities analogous to that of the muscle. The com- 
plete lack of such evidence, heretofore, must be regarded as the chief 
handicap in the postulation of a plausible mechano-chemical theory of 
muscular activity. 

In 1939, Engelhardt and Ljubimova announced their startling find- 
ing that myosin is itself an enzyme, adenosinetriphosphatase (ATPase) . 
The important point of departure was thus established, that myosin 
can no longer be regarded as an inert protein sei’ving merely as the 
building blocks of the muscle fibril, but is, in all probability, a func- 
tional basis for the muscular actirtty. The importance of this finding 
lies further in the following facts. 

(1) Among the processes of intermediaiy metabolism in the muscle, 
the nearest in time to the contraction of the fibrils is the breakdown 
of adenosinetriphosphate (ATP) to adenosinediphosphate (ADP) and 
inorganic phosphate. 

(2) In the muscle metabolism, this is the exothermic reaction that 
is by far the most likely to be capable of supplying the bulk of the free 
energy for muscular activity. Although some ATP is broken down by 
the transfer of phosphate to hexosemonophosphate (Neuberg ester), a 
transfer which probably liberates free energy, the quantitatively largest 
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part of its breakdown occurs by the splitting-off of free phosphate 
under the influence of the enzyme ATPase. 

It became at once apparent that a causal relationship between the 
chemistry and mechanies of muscles may be sought in the interaction 
of myosin, as an ATPase, and its natural substrate, ATP. This paper 
attempts to make a brief review of the experimental observations by 
various investigators along this line, and to discuss their general bear- 
ing on muscular activity. 

GENERAL PHYSICAL CHARACTERISTICS OF MYOSIN 

The elongated, or anisomctric, character of the particles of myosin 
was first suggested by Briickc (1858) , and demonstrated by the classical 
experiment of von Muralt and Edsall (1930). By virtue of the elon- 
gated, rod-like or even thiead-like, structure of its molecules, myosin 
has the extraordinary property of forming fibers of considerable 
strength. Weber (1934) first produced myosin fibers which were 
shown to possess many of the properties of muscle fibers. Myosin 
fibers can be prepared very simply by squirting a solution of myosin 
through a fine capillary into a large volume of distilled water wherein 
the myosin sol coagulates in the form of a fine thread These threads 
have appreciable tensile strength, being capable of supporting their 
own weight up to a length of a meter, even though they contain only 
about 1 per cent protein. Upon dicing under slight tension, the fibers 
show strong positive double refraction and high tensile strength. Fur- 
ther stretching of the fibers, after slight moistening, appears to bring 
about nearly complete orientation of the protein particles along the 
length of the fibers, which then exhibit an x-ray diffraction diagram 
virtually identical with those of muscle. Equally interesting is the 
optical behavior of these fibers. Immersed in fluids of varying refrac- 
tive index after complete penetration of the immersion fluid into the 
interior of the fibers, they give an Tz^-double refraction curve very 
similar to that of the intact muscle fiber. In both cases, the double re- 
fraction at the minimum is quite large, indicating that, in addition to 
the structural birefringence due to parallel arrangement of the myosin 
molecules in the fiber, there is an intrinsic birefringence, due to the 
anisotropic nature of the myosin molecules themselves 
In view of these striking similarities between the myosin fiber and 
the muscle fibril, the contention may well be justified that a properly 
prepared myosin thread is, in effect, a molecular model of the muscle 
fiber. It is, therefore, of great interest to see if such a model would 
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not also approximate the mechanical behavior of an intact muscle. 
Having discovered the enzymic property of myosin, and that the 
ATPase activity was well preserved even in myosin threads, Engel- 
hardt and his associates set out to investigate the interaction of ATP 
and myosin in relation to the mechanical properties of myosin threads 

EFFECT OF ATP ON MYOSIN THREADS 

For the investigation of the mechanical properties of myosin threads, 
Engelhardt used the apparatus as shown in piqube 1. 



1 IGLBC 1 Aitan{;om( nt of appaiatus fui lo'^ting the michanual piopeitiob of riitosin thieads 


The beiup coiifeistfe of tx torsion balance, to the lever of which one 
end of the myosin thread is attached. The other end of the thread is 
so fixed that the thread is stretched vertically under a minimum ten- 
sion. The entire length of the thread is kept immersed in a vessel 
containing KCl (serving as a control), into which various chemical 
substances to be tested can be added. When a load is applied to the 
thread, a change in the balance reading results, giving the magnitude 
of the load The change in length of the thread is measured by a light 
beam reflected on a scale, calibrated in millimeters, by means of a 
mirror attached to the balance lever. The extensibility of the thread 
under a constant load serves as an index of its mechanical properties. 
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A number of compounds wliicli might play a part in muscle metab- 
olism are investigated for their effect on the myosin thread. Of the 
substances thus far tested (ATP, ADP, adenylic acid, and inoiganic 
phosphate), only one shows any noticeable effect upon the myosin 
thread This only exception is ATP, which is found to increase the 
extensibility of the myosin thread by from one and one-half to two 
times. Th»i result is graphically prcsentc'd in figure 2. 


ATP 



Fiquhb 2. Load constant, *— 200 mg ATP == adenosme-tiiphosphonc acid; ADP = ad^osme- 
diphosphouc acid; Ad — ademlic atid; PO phosphite solution, Ag — AgNOi 


Since myosin has been shown to be a specific enzyme for the break- 
down of ATP, the question immediately arises: Is the mechanical 
change in myosin thread directly attributable to the enzyme-substrate 
reaction? If so, it follows that when the ATPase activity of myosin 
is blocked by some means, the addition of ATP would produce no effect 
on the myosin thread. That such is indeed the case is suggested by 
the following facts: 

1. Changes in extensibility as induced by ATP are observed only 
with relath cly fresh myosin threads. Threads which have been kept 
for several days may retain their normal extensibility without any 
marked change, but their response to the action of ATP gi-adually dis- 
appears. As a mlc, this occurs simultaneously with the loss of the en- 
zymic properties of the fiber. 

2. It is found that the ATPase activity of myosin is completely 
and specifically destroyed by silver salts in extremely small concen- 
trations — of the order of 1:100,000 M. In the presence of, or after 
preliminary treatment with, silver, the myosin threads lose their ability 
to change their mechanical properties under the action of ATP. The 
silver in no way affects the normal extensibility of the myosin threads. 

3. Thermal treatment (exposure to 40° C.) of the threads, which 
destroys their enzymic properties, also eliminates the effect of ATP 
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on their extensibility. However, in this case, the normal extensibility 
of the threads is slightly changed. In this connection, it is necessary 
to emphasize the fact that, contrary to the general expectations, no 
characteristic changes occur in tlie hydrogen ion concentration within 
the physiological zone, pH 5.0 to 7.5. Outside this zone, the threads 
disintegrate, tear, and break. 

Another question of fundamental importance is: In what manner 
are the mechanical properties of myosin threads affected by the break- 
down of ATP? For the present, we need not be concerned with the 
actual continuity of the two phases, contraction and relaxation, in a 
normal muscle curve. The point under question is whether the im- 
mediate effect of ATP breakdown is a lengthening or a shortening of 
the myosin particles. The result obtained by Engelhardt and co- 
workers seems to indicate clearly that the former is true, namely, the 
breakdown of ATP affects the myosin thread, not in the sense of con- 
traction but of relaxation. A fuller discussion on this point will be 
taken up later, when similar investigations by other workers have been 
considered. 


BEHAVIOR OF MYOSIN SOLUTIONS 

The use of myosin threads as a mechanical model for muscle fibril 
has a distinct advantage in that the changes in the mechanical proper- 
ties of such threads can be easily observed and directly measured. It 
does not, however, give clear-cut evidence of the behavior of individual 
myosin molecules or micelles. In a sufficiently diluted solution of 
myosin, the protein particles may bo assumed to remain in a freely 
orientable state. At any rate, complications arising out of the inter- 
micellar reactions are reduced to a minimum, thereby facilitating a 
more proper evaluation of the mechanical behavior of the individual 
particles. One obvious difficulty here is the lack of means for a 
simple and direct measurement of the changes in these particles. 
There are, however, a number of indirect methods for the investigation 
of molecular anisometry. Among these, perhaps the most promising 
approach at the present time is the method of simultaneous measure- 
ment of anomalous viscosity and flow-birefringence in a modified form 
of the coaxial (Couette) viscosimeter. The theory and practice of this 
method have been discussed in detail by von Muralt and Edsall (1930) , 
Robinson (1939), Lawrence, Needham and Shen (1944), and in the 
excellent review of Edsall (1942). It is only necessary here to men- 
tion briefly the general principles of the method. 

A solution or suspension of elongated particles, when subjected to 
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varying shear forces, exhibits the following properties: (1) There is an 
anomalous dependence of its viscosity on shear rate. (The viscosity 
of a Newtonian fluid is independent of the shear force.) Its relative 
viscosity is markedly higlier th«an normal solutions. In polymers, the 
relative viscosity is found to be proportional to the polymer length or 
axial ratio at equal molar concentrations. (2) The solution shows a 
well-marked flow-birefringence, although it is completely isotropic 
when at rest. Both the intensity of fiow-birefringenoe and the “angle 
of isocline” (degree of orientation of the particles along the streamline 
of flow) are measures of particle asymmetry, other factors remaining 
constant. It must be admitted, however, that there is as yet no entirely 
satisfactory prescription for an accurate estimation of the absolute 
dimensions of the particles by this method alone. Nevertheless, the 
method is adequate, at least, to determine the relative change in par- 
ticle shape as affected by various agents. 

Using this method, Needham and co-workers made a detailed study 
of the myosin solutions and the effect of ATP and related substances 
(Dainty et al., 1944) . For the present discussion, it suffices to give a 
summary account of their observations. When a myosin solution is 
treated with ATP, its flow-birefringence is markedly decreased, its 
anomalous viscosity is retained, and its relative viscosity is decreased. 
This is interpreted as a shortening or reduction in the axial ratio of 
the myosin particles, as a result of ATP action. Although a variety of 
electrolytes, such as Li+, Na+, K^, NHt+, Ca"^ and Mg"+, also reduce to 
some extent the flow-birefringence of myosin solutions, their effect on 
its viscosity varies. Rome cause an increase and others a decrease. 
Moreover, the amount of these electrolytes required to produce a 
marked reduction in myosin flow-birefringence is far greater than that 
of ATP. For a myosin solution of less than 1 per cent protein, ap- 
jiroximately the full effect of ATP is obtained at 0.004 M, falling off 
very rapidly at lower concentrations, and being very little higher in 
amounts up to 0.2 M. To produce an effect comparable to that caused 
by 0.004 M ATP, it would require 1.5 M urea, 1.0 M monovalent ca- 
tions, and 0.2 M divalent cations: or a pH of 10. The high potency 
of ATP in reducing the particle asymmetry of myosin is taken, to- 
gether with other evidence, to indicate the specificity of the ATP 
effect. Variations of pH between 6.0 and 8.5 have no appreciable effect 
on the flow-birefringence or the relative viscosity of myosin, and this 
finding is in general agreement with Engelhardt^s observation on 
myosin threads. Perhaps the most significant result of this investi- 
gation is the observation that changes in the physical properties of 
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myosin, brought about by ATP, are spontaneously reversible. This is 
in contrast to the findings of Edsall and Mehl (1940) on the effect of 
electrolytes which cause an irreversible reduction in the flow-birefrin- 
gense of myosin. Following their initial and apparently instantaneous 
drop, upon the addition of ATP, both the flow-birefringence and rela- 
tive viscosity of a myosin solution return simultaneously to their orig- 
inal values, over a length of time depending on the temperature and 
the purity of the myosin preparation. Thus, the recovery time is much 
shorter at 37° C. than at 20° C. ; and a thrice precipitated myosin re- 
covers much sooner than does a once precipitated sample. The tem- 
perature effect is related to the rate of ATP hydrolysis. The purity of 
myosin preparation is suggestive of the absence of myokinase which 
tends to replenish the substrate by converting two molecules of ADP 
to one of ATP and one of adenylic acid (Kalckar, 1942). The re- 
versibility of the physical changes in myosin as a result of ATP treat- 
ment is therefore shown to be closely related to the enzymic splitting 
of ATP by myosin. One of the most demonstrative of such experi- 
ments is graphically represented in figure 3, which shows three 
successive falls and returns of flow-birefringence in the same sample 
of myosin upon three successive additions of ATP; two successive falls 
and returns of relative viscosity; together with the course of the ATP 
breakdown over the first period. It should be noted that, although 
the completion of the recovery both in flow-birefringence and in rela- 
tive viscosity is attained after a relatively long period, recovery fol- 
lows, and proceeds rather rapidly at first, immediately after the initial 
reduction, which is completed in a very brief time. In fact, the recovery 
process sets in so rapidly, especially in the absence of myokinase, that 
it is almost impossible to determine the lowest point reached by the 
drop of flow-birefringence after the addition of ATP. Another ob- 
servation, which is not shown in the graph but should be mentioned, is 
that, along with the fall and return of flow-birefringence and relative 
viscosity of the myosin solution, there is a corresponding decrease and 
recovery in the angle of isocline. This evidence strongly indicates a 
genuine change in the axial ratio of the myosin particles, rather than a 
photoelastic effect. Nor can the change in flow-birefringence in 
myosin solution be due to a change in its refractive index as a result 
of the addition of ATP or other reagents. Direct measurement reveals 
no appreciable change in the refractive index. 

In addition to ATP and a variety of neutral salts, a number of in- 
termediate compounds in carbohydrate breakdown and substances re- 
lated to them have also been examined for their effect on myosin solu- 
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Figubs 8 Three suce«>u\e falls and raeovenes of flow-birefimgence of a myosin sol treaty 
three tunes with adenoN'netnphosphate, with two buoossive falls and recoveries of relative vis<^rtv 
(expressed in peicentage of initiu vsdue), and ebtimations of morganio phosphate liberated by 
adenosmetiiphosphatase activity of the myosin durmg the first cycle 


tions. These include, besides various forms of inorganic phosphates, 
adenosinediphosphate, adenylic acid, inosinetriphosphate, and inosinio 
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acid. Effects similar to those of ATP on the physical properties of 
purified myosin have been obtained, so far, only with inosinetriphos- 
phate, which is also split by myosin into IDP and inorganic phosphate. 
It is of interest to note that, while inorganic triphosphate is also split 
by 1- to 2 per cent solution of tbree-times precipitated myosin, it does 
not affect the flow-birefringence or viscosity of the myosm. It 
seems, therefore, plausible to say that the purine-ribose end of the 
nucleoside-triphosphate molecule is of much importance in changing 
the shape of the myosin molecule or micelle. This view is shared by 
Szent-Gyorgyi’s school in their recent work on actomyosin, which will 
be presently discussed. 

BEHAVIOR OF ACTOMYOSIN 

A great deal of new and important information on the muscle pro- 
teins has been provided by the recent work of Szent-Gyorgyi and his 
associates (Straub, 1942; Banga and Szent-Gyorgyi, 1942). Their 
work has been reviewed and a theory of muscular contraction advanced 
by Szent-Gyorgyi (1946). Only a brief account of their observation 
is given below. 

The most significant feature in the investigation of the Hungarian 
school is the discovery that what has hitherto been referred to as 
“myosin” is, in effect, a complex of two separable water-soluble pro- 
teins: actin and myosin. The two proteins reversibly combine to 
form actomyosin. The old “myosin” is therefore to be regarded as 
actomyosin of indefinite composition of the two compound proteins. 
When not in combination, neither of the two proteins, actin and myo- 
sin, is markedly elongated in its particle shape. Nor will either alone 
form threads. Actin, however, is capable of existing either in its globu- 
lar form (G-actin) or in fibrous form (F-actin) . The physical prop- 
erties of actin and myosin are highly susceptible to changes in the 
cationic environment, such as Na* K*, Ca'**, and Mg^. Thus, myosin 
readily binds cations, having a higher aflBnity for bivalent than mono- 
valent ions. It is precipitated by KCl at concentrations higher than 
0.001 M, maximally at 0.026 M; but redissolved at 0.1 M. The trans- 
formation of G-actin to F-actin is dependent on the presence of K* and 
traces of Mg++. The process is completely inhibited by traces of Ca^. 
Whereas ATP has no effect on actin, it is readily bound by myosin. If 
the quantity of ATP bound by the unit weight of myosin is plotted 
against the ATP concentration, a straight line is obtained, suggesting 
that it is some sort of a “chemical” link which joins the two substances. 
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The enzymic activity of ATPase is found only in the myo&in moiety of 
actomyosin, but not in actin. 

The general physical properties of the comi)lex actomyosin are much 
the same as those described for ‘‘myosin” by earlier workers. Thus, 
actomyosin solutions show high and anomalous viscosity, strong flow- 
birefringence, and can readily be spun into threads. Like all highly 
polymerized fibrous colloids, actomyosin forms a thixotropic gel at 
high concentrations. It is highly hydrophilic. In the absence of salts, 
it swells to a very great extent. The swelling is prevented by 0.001 M 
KCl, or by other neutral salts. If the salt is added to a swollen gel, 
this becomes turbid and shrinks. Like myosin, actomyosin is also 
precipitated by small concentrations of neutral salts. At 0.06 M KCl, 
maximum precipitation of actomyosin occurs. Upon raising the KCl 
concentration to above 0.05 M, the precipitate decreases in solidity 
and liquefies at 0.4 M. On further increase of the salt concentration, 
the viscosity gradually drops and reaches a minimum at 2.0 M, cor- 
responding to the additive value of the viscosity of myosin and actin, 
indicating that the actomyosin has completely dissociated into its 
components. Perhaps the most instructive effect observed of the ob- 
servation is the remarkable influence of ATP on the colloidal be- 
havior of actomyosin. The presence of small amounts of ATP pro- 
foundly changes the solubility-KCl curve, as illustrated in figure 4. 

The range of the salt concentrations within which actomyosin first 



Fiolsb 4. Senu-quantitative cui\e hhowmg the behavioi of ac1om\osin m piesence and ab&ence 
nf ATP at vanous KCl concentrations. 
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gels, then redissolves, and finally completely dissociates, is greatly re- 
duced by ATP. Thus, actomyosin is completely dissociated at 0.2 M, 
in the presence of ATP; as compared witii 2.0 M, in the absence of 
ATP. It is further shown that, in the absence of ATP, the precipitate 
formed by actomyosin appears rather loose and hydrophilic; while, in 
the presence of ATP, the precipitate is veiy coarse, granular and con- 
tains little water. The latter phenomenon is termed by the investiga- 
tors as “super-precipitation” to distinguish it from the simple salt pre- 
cipitation. Identical in nature with the super-precipitation of acto- 
myosin suspensions is the rapid and excessive shrinkage of a salt-free 
actomyosin gel, upon the addition of salt, in the presence of ATP. The 
effect of ATP is most dramatically demonstrated on actomyosin 
threads. An actomyosin thread is prepared in a 0.05 M KCl solution 
where the protein is insoluble. If the thread is now treated with ATP, 
it contracts within a few seconds 4^0 about one-third of its original 
length, and becomes proportionately thinner. The contraction is, how- 
ever, not spontaneously reversible. But recovery can be induced by 
altering the ionic environment. 

When dissociated actomyosin is caused to contract, the reaction 
takes place in two distinct steps: the union of actin with myosin to 
form “relaxed actomyosin,” and the contraction of the “relaxed acto- 
myosin” to form “contracted actomyosin.” The reaction can be per- 
fectly reversed by shifting the temperature, the equilibrium being 
shifted to the relaxed form at low temperature, and to the contracted 
form at room or body temperature. The passing of relaxed into con- 
tracted actomyosin can also be brought about by slight variations 
(15 per cent) of the concentration of either ATP or the salt, with one of 
the two remaining constant. The ATP saturation of the protein de- 
pends on the ATP concentration present. To have a strongly reactive 
system, it requires a high ATP saturation and, hence, high ATP con- 
centration. If the ATP concentration is decreased, it is the relaxa- 
tion that suffers first and, consequently, the system begins to contract. 
The reaction of actomyosin depends also on the relative concentration 
of the actin and myosin that make up the complex. The two pro- 
teins can react in all proportions, but the most reactive system is one 
which has an actin-myosin ratio of 2.5. This is found to be the com- 
position of actomyosin in the normal muscle, which thus contains maxi- 
mally active actomyosin. 

It is necessary to emphasize here that all the above descriptions of 
the physical behavior of actomyosin apply only to the complex formed 
by myosin with F-actin, but not with G-actin. Although G-actin also 
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readily forms a complex with myosin, the resulting actomyosin (G- 
actomyosin) has quite different physical properties from that of the 
F-actomyosin. G-actomyosin has a low viscosity, about the same as 
that of free myosin. It does not form gels or threads. It is, there- 
fore, not contractile, with or without the help of ATP. The remark- 
able fact is that, in tlie presence of ATP, G-actomyosin dissociates at 
any salt concentration into G-actin and myosin or, more correctly, 
into G-actin and myosin-ATP. Hence, in order to form an active 
actomyosin that is reactive to ATP, the G-actin must be first trans- 
formed into F-actin, either before or after its combination with myosin. 
This reaction, as mentioned before, is catalyzed by traces of Mg*+, 
and completely inhibited by Ca'^ in equally small amounts. 

THEORIES OF MUSCULAR CONTRACTION-RELAXATION 

All mechano-chemical theories *of muscular activity based on the 
physical behavior of myosin start with the assumption that the 
changes in the mechanics of muscle arc, basically, tlie result of the 
corresponding changes in the myosin molecules or micelles. So far, 
there seems to be little objection to tliis assumption. The task, then, 
remains one of establishing a link between the chemical and mechani- 
cal changes of the contractile elements. Is this link a direct one or 
an indirect one? The question was very clearly put by Bernal (1938) : 
“Do the chemical reactions (in muscle) have to do directly or indi- 
rectly with the actual contraction process? If the first is true, they 
are probably of a topochemical nature, that is, reactions in which one 
of the reagents is not a free molecule but a radical bound in a fixed 
position on a chain molecule. On the other hand . . . the chemical 
reactions may bring about contraction indirectly by building up a po- 
tential field, probably of an electrical nature, in which the chemically 
inert myosin molecule contracts reversibly.” Recent experimental 
evidence all seems to support the view that the first alternative is the 
more likely one. Especially significant is the discovciy by the Engel- 
hardt group that myosin is not a chemically inert protein, but en- 
dowed with a highly potent enzymic activity which is responsible for 
the most energy-rich reaction in tlie metabolic processes of muscle. 
On the other hand, tlie evidence for the identity of myosin and ATPase, 
hitherto resting upon the failure of all attempts to separate them, must 
remain of a negative character. At any rate, there is still no evi- 
dence to show that, under physiological conditions, myosin-ATPase 
may reversibly dissociate to form free myosin and free ATPase. 
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Indeed, experimental evidence all seems to indicate an unusually strong 
bond between myosin and ATPase, in vivo or in vitro. The enzyme is 
so firmly attached to myosin that it can virtually be regarded, under all 
noimal conditions, as an integral part of the contractile protein. In any 
case, whether or not ATPase is separable from, though firmly bound to, 
myosin, it docs not materially affect the immediate bearing of the 
deep-seated effect of ATP on the physical state of myosm or acto- 
myosin, in relation to muscular contraction. 

A casual comparison of the results of the three groups of investiga- 
tions outlined in the preceding pages may reveal a serious discrepancy 
among them. Thus, Engelhardt’s group, while failing to detect any 
contraction of tlie myosin threads, clearly demonstrated that ATP 
causes the myosin tlireads to extend, corresponding to the recovery re- 
laxation in muscle. On the other hand, investigations both on myosin 
solutions and actomyosin threads seem to show that the immediate 
effects of ATP are, respectively, a shortening of the myosin micelles and 
a contraction of the actomyosin threads. Upon closer examination, 
it is soon seen tliat the contradiction in results is merely an apparent 
one. First of all, it is necessary to take into consideration the differ- 
ence both in experimental techniques and in materials used in the 
three different groups of investigations. The difference in techniques 
can account for a possible difference in degree, but not in direction. 
More significant is the difference in the experimental material. Al- 
though both Engelhardt’s and Szent-Gyorgyi’s groups used myosin 
threads, the threads were prepared and subsequently treated in rather 
different manners with regard to the salt concentrations. In view of 
the fact that slight variations in the salt concentration may produce a 
rather marked effect on the physical properties of myosin threads, it is 
conceivable that the threads might have behaved somewhat differently 
in the two schools of investigations. Moreovei-, there is the possible 
difference in the actin-myosin composition in the “myosin” and acto- 
myosin threads. The conditions are, again, very different from those 
for threads in the contraction of tlie myosin particles in a dilute solu- 
tion subjected to a constant shear. Nevertheless, in theoi’y or in 
practice, none of these differences in experimental conditions suffices to 
explain the diametrical contrast, if such be the case, in the results. 
As a matter of fact, despite the considerable difference in technique 
and in material, these investigations are in fundamental agi'eement in 
their observations. They all seem to agree not only on the general 
observation that ATP has a profound and specific effect on the phys- 
ical behavior of myosin, but specifically on the fact that it is the re- 
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covery-relaxation of myosin that is closely associated with, and prob- 
ably directly attributable to, the enzymic breakdown of ATP by 
myosin. This relation is clearly shown in figure 3. Practically the 
entire course of ATP hydrolysis takes place during, and proceeds in 
close parallelism to, the recovery relaxation of myosin. No loss clear- 
cut an evidence, although of a somewhat indirect nature, is the observa- 
tion of Engelhardt’s school that, when the ATP breakdown is com- 
pletely inhibited by traces of silver, no increase in extensibility is pro- 
duced by ATP on myosin threads. From the standpoint of muscle 
energetics, such a mechano-chemical relationship seems at least theo- 
retically sound. Since a large supply of energy is essential for the 
relaxation and recharging of the myosin fibril, the most probable source 
for the bulk of free energy would be from the splitting of ATP. 

The question now arises as to how we account, then, for the actual 
contraction of myosin particles or threads as a result of ATP treat- 
ment? In line with the general two-afiinity theory of enzyme action, 
the myosin- ATP reaction involves two distinct steps in the order of: 
(1) the formation of a myosin- ATP complex, and (2) the actual break- 
down of ATP by the enzyme. As shown above, it is the second step 
in the enzyme-substrate reaction that is closely associated with the 
recovery-relaxation process of myosin. Whether a small part of the 
ATP breakdown is also related to the contraction phase of myosin is 
not clear from the available data. If we regard the ATP breakdown 
primarily as a source of free energy, we may then ask whether the 
actual contraction of muscle or myosin requires external energy. If, 
on the one hand, a resting muscle is to be compared with a charged 
condenser or a piece of stretched rubber, then it would conti’act, when 
initiated by a “trigger” action, merely by passing from a thermody- 
namically less stable level to a more stable low energy level. The 
difference in energy resulting from contraction performs work in iso- 
tonic contraction, and is mainly dissipated as heat in isometric con- 
traction. If, on the other hand, the process of contraction involves an 
active compression, or “supercontraction,” of a passively extended 
molecule, external energy would necessarily be required. A choice of 
the two alternatives must, however, await further investigation. In 
the experiment on myosin llireads by the Engelhardt group, no con- 
traction or a decrease in extensibility of the thread was observed, under 
all conditions. Without experimental confirmation of their observa- 
tion, it can only be surmised that their failure to detect any contrac- 
tion may be due to the inadequate sensitivity of the technique used, 
or, as is much more likely, that the contraction phase (which is an ex- 
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tremely rapid process) of the threads in the presence of ATP is com- 
pleted and relaxation sots in before the measurement of thread ex- 
tensibility can be taken. As shown in tlie experiments with myosin 
solutions, especially whore the protein has been purified by repeated 
precipitation, the contraction of myosin particles caused by ATP is such 
a rapid and transient response that it is often difficult to determine 
the maximum shortening of the particles. Only with techniques much 
improved beyond those hitherto used may we hope to establish an 
exact time-relationship between the contraction phase and the onset of 
ATP breakdown. The investigators then resorted to an indirect ap- 
proach, by attempting to block the ATPase activity and to ascertain 
thereby tlie dependency ol the contraction process on the enzymic reac- 
tion. The destruction of tlie ATPase activity of myosin was first 
tried by temperature treatment (20' at 37° C.J. It was, however, 
found impossible to inactivate the enzyme by such a treatment with- 
out, at the same time, greatly altering the physical state of the pro- 
tein solutions. A similar experience with myosin threads was also en- 
countered by the EngcUiardt school. The result, therefore, was not 
conclusive. Based oh the finding (Needham, 1942; Bailey, 1942) that 
Ca'^ greatly activates ATPase, the Cambridge investigators further 
tried the effect of ATP on oxalated myosin. This attempt again met 
with failure, as it was found that oxalate does not prevent splitting of 
ATP, when added to Ca-myosin. It should be emphasized, at this 
point, that, even if a potent enzyme inhibitor could be found which 
would completely block the ATPase activity and, at the same time, 
prevent the contraction of myosin, such a discovery would not rule out 
the possibility that the inhibition is due to the prevention of a normal 
enzyme-substrato complex formation. In fact, many enzyme inhibi- 
tors are known to exert their effect by competing with the normal sub- 
strate in their afiinities for the enzyme. The following experiment by 
Needham’s group is, therefore, an instructive one. They found that 
inorganic triphosphate, though ineffective in changing the shape of 
myosin particles, is split by purified myosin. It must, therefore, have 
a certain affinity for myosin, without affecting the physical properties 
of the protein. In the presence of sodium triphosphate, the effect of 
ATP in reducing the flow-birefringence and relative viscosity of myosin 
is markedly inhibited, although the amount of inorganic P formed by 
the enzyme action of myosin is considerably higher than when either 
ATP or sodium triphosphate alone is present. This evidence is 
strongly in favor of the view that the actual contraction of myosin is 
closely associated with the formation of a specific enzyme-substrate 
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complex, myo&in-ATP, and is independent of the subsequent break- 
down of ATP. This latter process, as we may recall, is related to the 
recovery-relaxation of myosin. 

Thus far, we have, at best, merely established a time-relationship 
between the chemical and mechanical events in the interaction of 
myosin and ATP. The exact manner in which myosin molecules or 
micelles change in length remains entirely obscure. At present, we 
are in complete ignorance as to whether such changes are micellar in 
character or whether they are analogous to the configurational changes 
in the molecules of keratins. Much light has been shed on this prob- 
lem by the brilliant work of Szent-Gyorgyi and his associates on acto- 
myosin and its components. According to this school, the contraction 
and relaxation of actomyosin can be explained adequately by its col- 
loidal behavior. The interpretation is therefore essentially on a mi- 
cellar, rather than molecular, level. The contraction of actomyosin is, 
thus, a process of dehydration and “superprecipitation” of the protein, 
under appropriate conditions. The relaxation is one of hydration, 
solvation, and eventually complete dissociation of the contracted acto- 
myosin (piGUEE 4). On the basis, largely, of these observations, we 
may formulate the following relatively simple scheme of the mechano- 
chemistry of muscular activity. 

The essential feature in the contractile elements of a resting muscle 
is the complete dissociation of actomyosin. This condition is main- 
tained so long as actin remains only in its globular form. G-actin is 
itself non-contractile, and is incapable of forming active actomyosin 
with myosin or myosin-ATP. The resting muscle, to be a potentially 
reactive system, must also contain a high level of ATP, such as is nor- 
mally found in the muscle. It is not certain, however’, whether, at 
this stage, myosin exists as free myosin or as myosin-ATP complex. 
Except when a “partition” could be shown to exist between myosin 
and ATP, the two readily combine to form a complex. In either case, 
the muscle will remain relaxed, since neither myosin nor myosin-ATP 
would associate with G-actin to form a contractile actomyosin. How- 
ever, if myosin is present as myosin-ATP, an explanation must then 
be sought for the inactivity of the ATPase in a resting muscle. Ac- 
cording to Banga, the ATPase activity of myosin is greatly inhibited, 
while that of actomyosin is activated, by traces of Mg*^. By accepting 
this explanation, we meet with another diflBculty. That is, the pres- 
ence of Mg” in a resting muscle should activate the transformation of 
G-actin into F-actin, and the latter, by its subsequent reactions, would 
tiirow the muscle into contraction. This diflSiculty may be got around 
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by introducing another variable, namely, K-**. The association of G- 
actin to form F-actin occurs, in the presence of Mg^, only at a certain 
K* concentration. Summing up the altornalives, we may then assume 
that, for a resting muscle to pass into contraction, the process involves 
a shift in the concentration of either K'' or ATP. This is in line with 
the in vitro experiment, where it is shown that dissociated actomyosin 
can be brought to association at a constant ATP, by varying the salt 
concentration; or, at a constant salt concentration, by varying the 
ATP concentration. Very slight variations (15 per cent) suffice to 
produce these changes. It seems that, according to these assumptions, 
there should be, in the resting muscle, some sort of partitions between 
the electrolytes and ATP, with respect to the contractile proteins, their 
interactions being regulated by the breakdown of such partitions dur- 
ing contractions. The possibility of such a spatial arrangement in 
the muscle of the electrolytes and ATP may find its support in histo- 
ohemical indications that the metal ions such as K'’, Ca** and Mg*+ 
seem to be preferentially located in the anisotropic regions of the rest- 
ing muscle fibril (Dubuisson, 1942) ; while the adenylic derivatives, 
presumably ATP, are found to be localized in the isotropic regions 
(Caspersson and Thorell, 1942). The manner in which these sub- 
stances are regulated during activity is not known, apart from the 
fact that during contraction there is a “mixing” of the two regions along 
the muscle fibril. 

Upon stimulation, a shift in the concentration of either K* or ATP 
results. In the presence of Mg” and at a proper concentration of K*, 
G-actin is converted into F-actin. F-actin then combines with the 
myosin-ATP complex, and passes directly into contracted actomyosin. 
Alternatively, F-actin may first combine with free myosin to form re- 
laxed actomyosin which, in the presence of ATP, becomes contracted, 
resulting in a contraction of the muscle. In its contracted state, acto- 
myosin begins to split ATP, being ativated by Mg” which has hitherto 
held in abeyance the ATPase activity of myosin. As a result of the 
depletion of ATP, actomyosin dissociates into relaxed actomyosin and, 
eventually, into actin and myosin. The dissociation of actomyosin, as 
well as that of F-actin, is probably also catalyzed by Ca” which may 
be brou^t into action in the process of contraction. It is interesting 
to note that, in the actomyosin model constructed by Szent-Gyorgyi, 
F-actin is forcibly broken up into G-actin by the shortening of the 
myosin part of the complex. The breakdown of ATP, meanwhile, sup- 
plies the necessary energy for the relaxation of the muscle, as well as 
for the resynthesis of ATP, thus completing the cycle. The ATPase 
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activity automatically stops when actomyosin becomes relaxed and 
dissociated. 

The above, then, is an outline of a mechano-chemical scheme in its 
simplest form of muscular contraction and relaxation. The picture is, 
of course, far from complete, leaving many points open to question and 
further investigation. On the “mechanics” side, the changes in the 
micellar character of the muscle proteins during activity may be re- 
lated to possible changes in the protein molecules. Both Needham’s 
and Szent-Gyorgyi’s observations give evidence to emphasize the role 
of the purine-ribose end of the nucleoside-triphosphate in bringing 
about the changes in the shape of the protein molecules. As stated by 
Szent-Gyorgyi: “To be more exact, it is not the double protein (actin- 
myosin) which contracts and relaxes, but its nucleotide compound.” 
The effect of electrolytes seems to be, essentially, on the colloidal 
state of the protein, presumably by altering the intermicellar forces, 
resulting in hydration (relaxation) or gelation (contraction) of the pro- 
tein. The effect of ATP, on the other hand, seems to be more deep- 
seated. It probably alters the intra-molecular groupings to produce a 
folding or unfolding of the protein chains. It would be idle to discuss 
these possibilities further at present. Much may be expected from 
the x-ray analysis of actomyosin fibers in relation to their response to 
ATP, if this analysis should be technically possible. 

When we speak of the shortening and lengthening of actomyosin as 
a basis of the contraction and relaxation of the muscle, we merely imply 
at this stage a “vectoral” relationship in their changes of length. The 
exact manner in which the physical changes in the contractile elements 
are translated into those in the muscle as a whole is not known. It is, 
perhaps, in this mechanism that the explanation for the latency lies, 
and, particularly, that of latency-relaxation (Sandow, 1944) which is 
found to be an inherent characteristic of muscular contraction. So 
far, no latency-relaxation has been observed in actomyosin. Possibly 
this is a technical failure, but more probably it denotes a genuine 
absence of such a response in the protein fiber. At any rate, the lat- 
ency-relaxation in an intact muscle, while, in all probability, a genuine 
physiological process, is hardly to be confused with the ATP-relaxa- 
tion in actomyosin sol or gel. The difference between the two proc- 
esses in magnitude and in time-relation to the complete cycle is very 
considerable. Furthermore, the ATP-relaxation of actomyosin is de- 
pendent, to a very large extent, on the enzymic breakdown of ATP. 
It seems highly improbable that ATP-splitting also occurs during the 
latency-relaxation period in the muscular contraction. 
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On the '^chemical” side of the mechano-chemistry of muscular ac- 
tivity, the importance of electrolytes in affecting the colloidal behavior 
of the contractile proteins cannot be overemphasized. Our present 
knowledge of these electrolytes with respect to their concentration and 
location in the muscle fibrils, and their movement during contraction, 
is largely incomplete. The scheme outlined above is intended to stimu- 
late further investigation along this line. In conclusion, it may be 
emphasized that the far-flung importance of a satisfactory mechano- 
chemical theory of muscular activity lies beyond and above the un- 
derstanding of the nature of one specialized physiological process. It 
goes far to elucidate one of the most fundamental problems in biology, 
namely, the causal relationship between biological form and function. 
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LATENCY RELAXATION AND A THEORY OF 
MUSCULAR MECHANO-CHEMICAL COUPLING 


By Alexander Sandow 

Washington Square College of Arts and Science, New York University, New York 

The purpose of this paper, broadly speaking, is two-fold. First, 
there will be discussed certain aspects of the latency relaxation (LR), 
the minute pre-contractile elongation of a stimulated muscle that oc- 
curs in the latter half of the latent period, a phenomenon first ob- 
served by Rauh (1922) . Evidence will be presented to show that the 
latency relaxation is a real lengthening of the muscle’s contractile 
material that intervenes between tlie instant of stimulation and the 
usual shortening or tension development in a contraction. Further, 
certain studies of the LR will be considered that suggest it is an indi- 
cation of a process by which myosin is activated for contraction. The 
second part of this paper will be concerned with a kinetic theory of 
mechano-chemical coupling which, in part, is based on the particular 
significance assigned to the LR. 

The LR was discovered by Rauh in the course of some experiments 
designed to settle the then almost 70-ycar-old question as to whether 
the latent period exists at all. To forestall criticism tliat the demon- 
stration of a mechanical latency merely represented an inertial delay 
in the response of the registering device, Rauh used an extremely sen- 
sitive mechano-optical isometric lever system and photographically 
recorded the mechanical change during only the first few milliseconds 
of tlie twitch response of initially tensed frog sartorii and gastrocnemii. 
To his astonishment, his records not only exhibited a true delay in the 
onset of tension development, but tliey also included a transient nega- 
tive tension change (the LR) during the latter half of the latent period. 

METHOD 

Modern electronic methods permit us to achieve vast improvement 
over Rauh’s method. In the work to be reported here, use is made of 
the piezo-electric cathode-ray oscillogi’aphic technique described fully 
elsewhere (Sandow, 1944). An outline of the method will be given 
here. A muscle, generally the frog sartorius, is supported inside a 
moist chamber and, under a few gi-ams resting tension, is connected to 
the stylus of the piezo-electric pickup, which is a common type of 

( 895 ) 
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crystal unit used in phonographs. The pickup is connected to an ain- 
l)lifier and this, in turn, to the vertical plates of a cathode-ray oscillo- 
graph. AMicn tlie inusclo is stimulated by a tliyratron-trippcd con- 
denser discharge pro<liiced by an eleclronic stimulator, a series of ten- 
sion variations are induced in the muscle which are transformed by 
the pickup into a corresponding electric pulse that ultimately appears 
as a set of vertical deflections of the cathode-ray beam. Tlie deflec- 
tions are spread out on an appropriately timed single sweep of the 
oscillograph, which is tripped by the stimulating shock. The time- 
calibration of the sweep is provided by a 10,000 cycles per second sinu- 
soidal voltage supplied by an oscillator, and it is simultaneously im- 
pressed on each record, along with the muscle tension change. 

Tn this paper, we shall deal only with the early part of the response, 
vis-j that concerned with the latency relaxation. Plate 8a illustrates a 
typical record. The beginning of the sweep at the extreme left is co- 
incident with the instant of stimulation. After a mechanically quies- 
cent period of about 1.4 milliseconds, the sigmoid-shaped latency re- 
laxation is traced out in about 1.8 milliseconds, and this is then rather 
abruptly terminated as the myogram proceeds very rapidly into the 
period of tension development. The inset of this figure gives the sym- 
bols of the variables that are generally measured. The L^s represent 
latency time intervals all measured from the instant of stimulation: 
Lr, to the first sign of relaxation; Lo, to the point of inflection of the 
sigmoid relaxation curve; L, to the point of deepest relaxation; and Li 
to the instant at which the rising tension crosses the base line. The 
R’s measure the magnitude of the relaxation at the instants indicated. 
In the following discussion, we shall deal almost only with Lr, which 
measures the relaxation-latency; L, whi(*h measures the tension-lat- 
ency; and R, which measures the depth of LR. 

Representative durations of Lr and L have been indicated above. 
In general, these latencies for a muscle under constant conditions are 
repeatable within a standard error of dz 0.03 milliseconds. In the 
record before us, R corresponds to a negative tension change of about 
30 mg. with an error of about ±1.0 mg., or an increase in muscle 
length of about 0.1/4 with an error of approximately ± 0.003/4. It is 
pertinent to note that the electronic method for recording the LR is so 
powerful, in converting these minute latency mechanical changes into 
relatively huge cathode-ray screen deflections, for the simple reasons 
that, first, the crystal pickup is a very sensitive mechano-electrical 
transducer, and the 30 mg. tension decrease thus causes a crystal out- 
put of about 6 mv.; and, second, such voltages are easily amplified. 
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In effect, the apparatus acts as an electronic lever, and when the 
voltage amplification is, say, 5,000 X, as it is generally in our work, 
the length magnification of muscle changes into screen deflections is 
about 500,000 X. 

Finally, on the original record, an indication, obtained by ordinary 
optical myography, of the initial tension and peak isometric tension of 
the muscle is also included in the positions of the bands of light in 
the upper right corner. 

THE CAUSATION OF THE LATENCY RELAXATION 

A fundamental question that must now be discussed is the possibility 
that the LR is an artifact which, in some manner, is a consequence of 
the muscle’s reaction to the contraction set up by stimulation. 
Schoepfle and Gilson (1945), and Gilson, Schoepfic, and Walker (1947), 
co-authors in this publication, have raised this question, and have de- 
cided that the LR is an artifact, that it may be “interpreted as a phe- 
nomenon associated with a compression wave in a fluid system enclosed 
by an elastic capsule. Compression wave conduction is apparent on 
comparing local and conducted response records of transverse muscle 
deflections. A comparable physical model consisting of a water-filled 
rubber cylinder exhibited an initial deflection in a direction opposite to 
that of an externally applied force. Hence it is corceivable that the 
latency relaxation involves a deflection in a direction opposite to that 
of the internally applied force.’' (See plate 8b.) 

Furthermore, they point out that their results “are consistent with 
those of Ramsey and Street (1940) to the effect that the clastic force of 
the stretched resting single fiber is associated only wdth the sheath sur- 
rounding the fiber substance. Thus in an isolated resting muscle there 
is evidently no basic tone and no evidence that active processes diminish 
such a tone to produce the negative variation.” 

I believe that these reasons, formidable as they seem, are not suflS- 
cient to support the conclusion that the LR is an artifact of mechanical 
wave transmission. Furthermore, evidence will be presented that per- 
mits drawing the conclusion that the LR represents a true physiological 
elongation precedent to the development of positive tension. In the 
ensuing discussion, the opposing conceptions of the significance of the 
LR will be referred to as the artifact interpretation and the physio- 
logical interpretation. 

No attempt has been made to duplicate Schoepfle and Gilson’s ex- 
periments with the water-filled rubber tube model of a muscle fiber. 
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Whatever the results of such experiments, wo may, nevertheless, ques- 
tion tlie validity of the view that tlic behavior of the model truly repre- 
sents that of a responding muscle fiber. Quite apart from the obvious 
general structural differences between the two systems, there is reason 
to doubt, in particular, the correspondence that has been drawn between 
the intrasarcolemmar material of a fiber and the water of the model. 
It is true that this identification is in accord with the conclusion of 
Ramsey and Street (1940) that the contents of the resting muscle 
fiber do not exhibit tension. However, Ramsey and Street’s result has 
been questioned by Sichel (1941), who demonstrated that about one- 
half of the tension of a stretched resting muscle fiber must be attrib- 
uted to the substance within the sarcolemma. 

Moreover, to return to the general procedure of Schoepfle and Gil- 
son, it seems more relevant to inquire as to the behavior of an actual 
muscle when treated similarly to the model of the fiber. Dr. Gilson, 
in a personal communication, has informed me that the muscle, unlike 
the model, does not indicate an initial mechanical change at one end 
opposite to that externally impressed upon it at the other. I have con- 
firmed this observation in experiments in which a frog sartorius was set 
up under an initial tension of about 5 gm., so that its pelvic (lower) 
end was firmly attached to the spring arm of a Harvard 10 mm. signal 
magnet and its tibial end directly connected to the stylus of the crystal 
pickup. The signal magnet, in separate tests, was actuated by cur- 
rents due to application of 4 5 to 0.6 volts, thus varying the rate at 
which the pelvic end of the muscle was jerked downward. Some re- 
sults of such experiments are presented in plate 9. In eaeh of these 
records, the sweep, modulated by a 10,000 cycles per second timing- 
wave, begins at the left at the instant of closing the switch of the signal 
magnet, and upward deflection corresponds to downward pull by the 
magnet. Records A through E represent the responses of the muscle at 
progressively slower rates of pull, while record F was made with the 
muscle removed and the signal magnet arm directly connected to the 
pickup stylus. f?ince the records were all made at the same voltage 
amplification used in recording the LR response given in figure 1, it 
is noteworthy that the rate of pull by the muscle on the stylus, espe- 
cially as in records A and B, is quite comparable to that introduced by 
the muscle’s own contraction as indicated in the rising phase of the 
myogram of figure 1. Thus, the effect of an externally impressed 
mechanical disturbance is being tested under conditions like those 
that occur in a normal contraction. 

Reference to the muscle records now shows that, with the possible 
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exception of C, D, and E, the initial response to a jerk at the lower end 
is a deflection in the same direction at the upper end, which begins 
after a delay of the order of 0.5 ms., due to the time for transmission 
of the mechanical wave up the length of the muscle.'' Very close 
examination of records C, D, and E, however, shows the presence of an 
extremely small downward deflection preceding the steeply rising 
upward change. Actually, this occurs in only about lOfo of the tests 
and, thus, where it does exist, it can be attributed to a random irregu- 
larity of the base. Alternatively, if these initial downward move- 
ments are valid indications of a muscle behavior qualitatively like that 
of the Schoepfle and Gilson model, they are so minute and so irregular, 
in comparison with the large uniformly obtained LR’s observed in 
stimulated muscle, that they could not be accepted as evidence sup- 
porting the artifact interpretation of the LR. 

Thus, it is our conclusion that, contrary to the expectation in terms 
of the artifact interpretation, the introduction of a mechanical wave 
initially oriented in a certain direction at one end of a muscle does 
not lead to an oppositely directed change at the other end. 

I shall now consider the experiments of Schoepfle and Gilson involv- 
ing transverse recording of the LR, limiting the discussion mainly to 
the crux of tlie matter, namely, tlie nature of the response to direct 
stimulation at the point where the stimulus first excites the muscle, 
i.e., at the eathode of the stimulating electrodes. In this type of ex- 
periment, the muscle, a bullfrog sartorius in the work of Schoepfie and 
Gilson, was laid on a plate with its ends anchored, so that it was under 
about 20 gm. axial tension. The pickup stylus was pressed lightly 
(this tension was not measured) across the long axis of the muscle. 
If, now, the stylus is made cathode, the latency response is as shown 
in B of PLATE 8b. Part C (plate 8b) represents the latency response 
when the cathode was at a point 2.5 cm. from the stylus. There are 
obviously great differences between these two records, but no attempt 
will be made here to discuss all of them. Of critical importance, how- 
ever, is the fact that, even when the stylus is cathode, a small but 
definite LR precedes tension onset. Since this LR is recorded at the 
point of stimulation where, at the very first moment of the mechanical 
response, transmitted wave effects are not present, the initial elonga- 
tion in the muscle represented by the recorded LR change must have 

* This time interval has been corrected for the delay of the sigrnaJ magnet in 
beginning its response, which, as indicated in record P of plate 9, is about 0.1 ms. 
Since the length of the muscle in this experiment was 4.0 cm., the velocity of propa- 
gation of the mechanical wave was 8 0 cm /ms. This velocity is much higher th^ 
that reported for European frogs by Flscliex (1926) and by Buchtlial ft Xnappels 
(1943). Further discussion of this difference will be given elsewhere. 
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occurred prior to, and hence independently of, the tension wave. Thus, 
a proper evaluation of Schocpfle and Gilsoii^s results, obtained from 
both model and muscle experiments, docs not support their artifact 
interpretation of the LR. 

I will now discuss certain experiments, performed in my own labora- 
tory, that give quite positive evidence that the LR actually precedes 
the onset of tension. The first series of experiments involves trans- 
verse recording, somewhat as in Schoepfle and Gilson^s. Figurbj 1 
presents the way the muscle, the frog sartorius or gastrocnemius, is 
set up for transverse recording. The muscle is slung in air between 
two pillars of the support, S, so as to be under 3 to 5 gm. axial tension. 
The pickup-stylus, s, which is at a right angle to the musclc^s long axis 
may either press down on the muscle from above, as at A, or pull up 
against the muscle from below as at R. In cither case, the small 
mirror, M, stuck on to the stylus' end, permits determination of the 
transverse tension applied by the stylus to the muscle, by means of a 
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Figubb 1. Tran&veise and axial airangenientss loi lecoiding latency mechanical lesponses. S, 
muscle support ; s, pickup stylus ; e, deotrode. 
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conventional optical lever system. Furthermore, this optical lever 
system is also the means by wliieh may Ik* recorded tlic thickening at 
peak of contraction of the muscle segment in contact with the stylus. 

The stylus may be made si stimulating electrode, by connecting a 
wire from the stimulatoi* to the metal screiv which serves to fix the 
stylus in its chuck. Other, Ag-Ag Cl, electrodes, e, are available at 
other points on the muscle, so that a variety of clcctrodal configura- 
tions for actual stimulation may be used. 

Plate 8c presents a typical transverse LR record obtained from a 
frog sartorius under 5 gm. transverse tension at the stylus, which acts 
as cathode. The LR deflection is now directed upwards, simply be- 
cause the various tensions under transverse recording are oppositely 
directed to those present in tlie axial technique. The general shape of 
the LR, however, is quite the same as that obtained axially. Greatly 
significant, hci’c, is the largo deflection obtained at the site of stimula- 
tion. Indeed, it is much larger than that I’ccorded when the cathode 
is 1 cm. distant. This point, and some others, are demonstrated in 
FIGURE 2. 

The gi’aphs of tlie left part of this figure present the results of an 
experiment in which the LR of the sartorius was recorded as a function 
of transverse tension at the stylus; for each tension, a record was first 
obtained with the stylus acting as cathode, and then with the cathode 
1 cm. distant. I wish to mention only two conclusions of this experi- 
ment: (1) The value of R varies with the transverse tension, and (2) 
R is always larger when recorded at the cathode. The second point is 
especially iutorosting, for it is diametrically opposed to the finding of 
Schoepfle and Gilson for the bullfrog sartorius. 

The right part of fkuihe 2 presents the results of a somewhat similar 
experiment with the frog gastrocnemius. Here again, we see the great 
variation in R with transverse tension. However, up to about 1.5 
gm. tension, R is greater when the cathode is distant from the stylus, 
in accordance with Hchoepfle and Gilson. Beyond this tension, the 
reverse is true. 

Thus, the variation in R with stylus-cathode separation is a func- 
tion of the kind of muscle and of the transverse tension. Although I 
have not worked with the bullfrog sartorius, I would hazard the guess 
Aat, if the transverse tension were high enough, R, as in the gastroc- 
nemius experiment, would be greater with the cathode at stylus than 
with the cathode some distance away. The various L’s also vary with 
these conditions, but no attempt will be made here to explain these 
differences. The most important result of these experiments, how- 
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ever, is that, vogarclk'ss of whieli muscle is used, and provided the 
transverse tension is not zero, an LR will always be recorded when 
the stylus is cathode. This crucial result has been further tested on 
the frog sartorius, in (‘xperiincnts in which special precautions were 
taken to sharply localize the actual cathodal region on the muscle by 
using as stylus-cathode a fine piano wire (0.2 mm. thick) and drying 
up all the electrolyte at this cathode, except that needed to ensure 
electrical conduction to the muscle. Despite these conditions, the first 
recorded mechanical change was still the usual initial relaxation. 
Hence, we must conclude that the initial relaxation is not an artifact 
due to the transmitted effect of a prior contraction at some distant 
point of the muscle. 

Other experimental approaches to the point at issue are afforded by 
certain applications of the axial recording technique, as diagz*ammed in 
FIGURE 1, in which a sartorius muscle is supported vertically in a cham- 
ber witli its upper end connected to the pickup stylus by means of a 
short length of piano wire or fine metal chtiin. In the case of wire elec- 
trode stimulation, the cathode is placed at the very upper (tibial) tip 
of the muscle. The cathode is thus localized at the extreme end of 
the muscle and, when excitation occurs, the mechanical response of the 
muscle is directly transmitted to the pickup, without having to pass 
longitudinally through any part of the muscle. Hence, wave trans- 
mission, in the sense of Schoepfle and Gilson, does not occur. Never- 
theless, a quite normal LR is recorded. 

The massive electrode technique, used by Brown in 1941 (though 
first introduced by Brown and Siehel (1936), in somewhat different 
form) , also illustrated in figure 1, involves the use of Ag-AgCl bands, 
8x50 mm., which are placed to flank the muscle symmetrically on 
eitliei* side, witli electrodes and muscle immersed in a Ringer’s solu- 
tion bath to permit electrical conduction of the shock through the 
muscle. According to Brown, stimulation with such electrodes simul- 
taneously throws into activity all points along the entire length of the 
muscle. Buchthal and Knappeis (1943) doubt this interpretation, but 
their argument is not convincing, despite the reference to the difficulty 
of stimulating with shocks of which the electric field is transverse to 
the axes of the fibers. For it is doubtful that the use of massive elec- 
trodes introduces a strictly transverse electric field. More likely, 
there are small deviations from the transverse condition along the 
whole muscle length, and the resulting longitudinal components scat- 
tered over the entire muscle are the actual stimulating currents that 
throw the full length of the muscle into simultaneous response. Thus, 
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under such conditions, there can be no conduetod mechanical wave and, 
if the artifact interpretation of the Lli be (*orrect, no initial lengthen- 
ing should be observed. Actually, a very deei) IA\ is obtained with a 
value of U three to four times that observed in the same muscle excited 
by means of wire c'lcctrodos placed near the nuiscle s ends. The large 
increase in R is explained by the synchronous activation of the whole 
muscle length. Thus, under conditions where no comprcssional wave 
exists along tlie muscle length, or wdiere it must certainly be reduced 
to a minimum, the LR is still present and, moreover, to a larger de- 
gree than with other kinds of response. 

The above experimental evidence, therefore, does not support the 
artifact interpretation of the LR. This interpretation contends that 
the immediate mechanical response of a muscle to stimulation is a con- 
traction at the point of excitation, and that the compressional wave 
thus set up is first indicated, at a point distant from the site of excita- 
tion, as an oppositely directed change, f.c., a relaxation, the LR. How- 
ever, our experiments demonstrate ihat, when a mechanical deforma- 
tion is externally impressed upon one end of a muscle, the other end — 
contraiy to the artifact interpretation- is deformed essentially in the 
same sense. More important, hovvever, is the behavior of physiolog- 
ically activated muscle which is studied in such manner that the effects 
of a mechanically propagated contraction wave cannot possibly play 
any part in determining at least the very initial portion of the tension 
variations which make up the latency behavior (i.e.: transverse record- 
ing with the stylus acting as cathode; axial recording with the cathode 
at the extreme end of the muscle connected to the stylus; and axial re- 
cording with massive electrodes for stimulation). Under these condi- 
tions, the initial tension change is not contraction, as is required by 
the artifact interpretation, but a relaxation, the LR. In view of this 
mass of evidence, we must (‘oncludc that Bchoc'plle and ( iilsoii’s artifact 
interpretation of the LR is not corn'ct, and that the cause of the LR 
must be sought in some mechanism other than the transmitted effects 
of the compressional wave set up by the contraction of a muscle. 

The proposal of Schoepfle and Gilson is, to date, the only formal at- 
tempt to prove that the LR is an artifact based on a mechanism which 
can be subjected to rigorous test. The disproof of this mechanism as a 
basis for the LR does not necessarily mean that the physiological inter- 
pretation is thus assured unquestioned validity. Other possibilities 
for an artifact have been informally suggested: (1) That the LR is 
due to “slippage” of fibers, and (2) that it is due to the “flip” of the 
muscle. Both these mechanisms are rather vague and thus difficult to 
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test experimentally. It would bcem, however, that ''slippage'^ and 
'‘flip” might vary somehow in the separate contractions of a given 
muscle in which its initial orientation was changed, by varying, either 
separately or together, the twist of the muscle about its longitudinal 
axis, and the sheer of the fibers in the muscle, by rotating the attached 
pubic symphysis in the clamp which fixates the pelvic end of the 
muscle. It is significant, therefore, that, despite the introduction of 
such alterations, the LR regularly appears. 

In view of all the above evidence, it seems reasonable to conclude 
that the LR is not an artifact, but that it represents the first physio- 
logical mechanical change in an excited muscle, an initial slight re- 
laxation that just precedes the onset of positive tension development. 

SOURCE OF THE LATENCY RELAXATION 

Since it is clear that we may deal with the LR as a true precontrac- 
tile elongation of stimulated muscle, it is pertinent to inquire whether 
the LR has its source in the response of the excitatory or the mechan- 
ical system of muscle. The special pertinence of this question lies in 
the possibility that at least some phases of the excitatoiy process at 
the cathode and the very early transmission of the action potential 
may be quite synchronous with the occurrence of the recorded LR. It 
is possible, however, to rule out the excitation mechanisms as the source 
of the LR. First, because, in an excited nerve trunk (the frog sciatic) 
in which excitation and conduction are presumably similar to these 
processes in muscle, nothing like an LR appears when it is connected 
to the pickup stylus in the same general way that muscle is tested. 
Furthermore, in general, there is no parallelism in the behavior of the 
parameters of the action potential and of the LR when the muscle state 
is altered by such factors as activity or temperature. 

An illustrative test involving the effect of activity is outlined in the 
following.* Sartorius muscles were subjected to a series of 2 sec. 
tetani, at an average rate of one tetanus each 7 sec. In each period 
intervening between two successive tetani, some muscles were tested for 
their LR, and others had their action potentials (diphasic) recorded. 
Some of the results of such experiments are presented in the graphs of 
FIGURE 3. In this figure are plotted the relative average values (12 
experiments) of L and the relative average values (2 experiments) of 
t, which represent the time from the instant of stimulation to the be- 
ginning of the recorded action potential, which is mostly conduction 

» The experiments of this test, and of the studies with pH and temperature dis- 
cussed later, were performed with the collaboration of Mr. A. G. Harezmar, and 
were supported, in part, by a irrant from the Penrose Fund of the American Philo- 
sophical Society. 
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Number of Tetanl Nuxober of Tetanl 

Figurq 3. Effects of a scries of 2 sec tetani at 7 sec. intervals on certain paiameters of the 
latency responbe and the notion potential of a fiog sattonub. Latency variables as defined m 
PL4TQ 8a. t, timo fiozn instant of btimulation to foot of diphasic action potential; A, height of 
first luab of action potential. 


time. It is evident that the plotted time parameters of the two phe- 
nomena follow different variations in response to the successive periods 
of tetanus. Although both L and t first fall and then rise with increas- 
ing activity, L reaches a maximum decrease of 17 per cent at the fourth 
tetanus, but t has a greatest decrease of only 6 per cent which is 
reached after but one tetanus. Furthermore, during the latter tetani 
of the set of 12 studied, L, thougli rising, does not reach its original 
value, while t increases to a final value about 41 per cent greater than 
it was originally. Nor does Lb (not plotted) show any better correla- 
tion with t, for this LR parameter is substantially constant during an 
activity series such as studied here. Fiotjrb 3 also presents the changes 
in R and A (the value of the magnitude of the peak of the first limb 
of the action potential). It is noteworthy that, altliough the first two 
tetani cause no significant change in A, they cause a sharp fall in R. 
Beginning with the effect of the third tetanus, R and A both fall, 
though A is always much greater than R. Thus, neither the time 
nor magnitude parameters of the LR and the action potential vary 
in parallel in response to activity.* Further evidence of this sort 

* The validity of this conclusion may be questioned, in view of the fact that, 
on account of experimental difficulties, the action potentials were not recorded at 
the same point of the muscle at which the latency mechanical events were regis- 
tered. In refutation of this criticism may be mentioned the result discussed in 
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will be presented later, in connection with our discussion of the effects 
of temperature on the LR. Thus, in general, the LR and action poten- 
tial variables seem to alter independently of each other. We must, 
therefore, conclude that the LR does not have its source in the mecha- 
nisms responsible for the action potential, and hence we are led to the 
view that the precontractile elongation is associated with some feature 
of the behavior of the contractile material. Other evidence, to be pre- 
sented later, will confirm this view, and will show, moreover, that it is 
the myosin, in particular, that is responsible for the LR. 

Before entering this phase of the discussion, however, it is pertinent 
at this moment to take up the previously mentioned point concerned 
with Ramsey and Street's (1940) result that the resting tone of a 
single muscle fiber is localized in the sarcolemma and not in the con- 
tractile substance. How can we accept our view that the LR (which 
involves a reduction in tension from that found at rest) is associated 
with the contractile matter, if this material has no basic tone? In 
answer to this question, it must be noted, in the first place, that the 
LR tension change in a single fiber is extremely small. If the LR ten- 
sion decrease of an entire sartorius is, say, 30 mg., and we assume, as 
a reasonable figure, that there arc about 1500 fibers in the muscle, 
then the LR decrease in tension per fiber is only 0.02 mg. Since Ram- 
sey and Street's error in measuring tensions of their fibers was cer- 
tainly of the order of one milligi'am, it is clear that they could not have 
detected a small residual tension of the contractile material that would 
be ample to account for the decrease in tone of the contractile material 
connected with the LR. Furthermore (disregarding Sichel's (1942) 
finding to the contrary) , let us assume that there is absolutely no tone 
in the contractile substance of a resting muscle which, as a whole, is 
under tension. We all agree that, during a response, the contractile 
material somehow develops tension that is ultimately transmitted to 
our registering devices. It is, therefore, not unreasonable to suppose 
that, during the LR, some forcible lengthening change occurs in the 
contractile substance that is likewise transmitted to our registering ap- 
paratus. Hence, we see that it is possible to remove another support 
to the view that the LR is an artifact, and we are thus further assured 
that the LR indicates some real underlying process in the fundamental 
mechanism involved in activating the contractile machine to develop 
positive tension. 

an earlier paper (Sandow, 1945b) that the activity-induced changes which alter the 
latency behavior extend throughout the w-hole of the muscle. Thus, wherever the 
action potentials are recorded, the excitatory mechanisms In which they have 
their source would be subjected to the same alterations in the muscle’s internal 
milieu that modify the system responsible for the LR. 
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EFFECT OF pH ON THE LATENCY RELAXATION 

I will now pass to a discussion of certain experiments that seem to 
shed some light on the nature of this process, first dealing with the 
effect of pH on the events of the latent period. Changes in muscle 
hydrogen-ion concentration have been affected in two ways: indirectly, 
by the muscle’s own acthity, and directly by soaking the muscles in 
solutions of varying acidity. The first approach has been treated fully 
in a recent publication (Sandow, 1945b), hence it is necessary here 
only to state the quite clear conclusions of this work. As a conse- 
quence of progressive activity of the muscle (a series of twitches at 3 
sec. intervals) : (1) R progressively falls; (2) LR remains constant, 
except in extreme fatigue, when it rises; and (3) the tension-latency, as 
represented not only by L and Li, but also Lo, first rises, then falls, 
and then rises again. In general, these changes arc reversed by rest 
after the activity. No explanation for the behavior of R and La is at 
present available. But the tension-latency variations may be quite 
definitely con-elated with the activity-induced pH changes, i.e., the 
higher the pH, the shorter the tension-latency. 

Comparable results arc obtained by directly modifying the pH, 
through soaking the muscle in Ringer’s solutions of varying pH deter- 
mined by proper adjustments of a bicarbonate buffer system. The 
results of such an experiment are presented in piguhb 4. The explana- 
tion is not yet at hand for the sharp drop in R at pH’s below 7.5 (The 
actual experiment behavior above this pH is, at present, unsettled.) 
LR is fairly constant above pH 7.0; as for its rise at lower pH, this 
may be compared with a similar rise in Lr in a vci-y fatigued muscle 
where it is known tliat the pH falls due to lactic acid accumulation. I 
w ish to call attention, especially, to the general fall in the tension-lat- 
ency over the entire range studied from pH 6.0 to 8.5, and to the 
gradual decrease in the time interval Lx-Lr I’rom about pH 6.5 to 8.5. 
Here, again, the higher the pH, the shorter is the latency for tension 
output. But even more suggestive is the fact that the interval Lx-Lr 
at the higher pH’s falls, thus indicating that, in this range at least, a 
process localized in time between the beginning of the LR and the time 
when actual tension is developing is more rapid in rate, the higher the 
pH. Before passing to an interpretation of these tension-latency al- 
terations, it may be noted that they are in general agreement with 
similarly oriented results obtained by Ritchie (1933) for the usual 
latent period in heart muscle. 

In signifying the meaning of the pH results, it seems very pertinent 
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that the rate of hydrolysis of ATP by myosin-ATPase, is, at least up 
to pH 9.0, more rapid the higher the pH. This behavior has been dem- 
onstrated by Bailey (1942) and DuBois and Potter (1943), and by 
Singher and Meister (1945). 

The fact that the rate of tension onset, as measured by the tension- 
latency, and the rate of ATP hydrolysis by myosin-ATPase vary in 
the same direction with pH suggests that, in the stimulated muscle, 
tension development is determined by the breakdown of ATP. In 
already published work (1945b), I have discussed at some length the 
reasons for believing that the role of ATP is quite unique in accounting 
for the effect of pH on the tension latency. The view has therefore 
been adopted that, when a muscle is stimulated, sometliing occurs 
that permits ATP and myosin to interact during at least the latent 
period. In this interaction, it is supposed that the first energy-rich 
phosphate bond of ATP is split, thus yielding ADP and phosphate, 
and that the energy liberated is immediately taken up by the myosin, 
which, thus energized, then contracts. Furthermore, the fact that, in 
the higher pH range, the interval Li-Lk decreases with pH, is taken 
to mean that the ATP-myosin interaction does not begin until the LR 
has begun. Thus, the interval Lr is supposed to be a space of time in 
which processes preparatory to the interaction of myosin-ATPase and" 
ATP take place. The above assumptions are obviously in general 
agreement with the well-established view that ATP is the immediate 
source of energy for myosin activity, and that, as established by Engel- 
hardt and other workers, myosin, or an enzyme closely associated with 
it, is ATPase. 

EFFECT OF TEMPERATURE ON LATENCY RELAXATION 

If the ATP hydrolysis that is supposed to take place in the latent 
period (specially beginning with the onset of the LR) is catalyzed by 
myosin-ATPase, then it is important to search for independent proof 
of the involvement of myosin in this process Evidence has already 
been adduced suggesting that the contractile material, myosin, is some- 
how involved in the causation of the LR. However, certain experi- 
ments on the effects of temperature on R more definitely specify this 
role of myosin. 

Figubb 5 presents the results of a tsrpical experiment to test the 
effect of temperature on the latency parameters. Although this set of 
graphs includes data on the behavior of the time variables, the present 
discussion will be concerned only with R. As the temperature is 
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varied from 10° to 40° C., R increases to a maximum at about 24° 
and then falls at higher temperatures until, at 40°, it is only a few 
per cent of the maximal value.* If the muscle is kept for a minute or 
so at 40° and then quickly returned to the oj)timal temperature, 24°, 
the magnitude of R (as indicated in fiourij 6 by the circle) is greater 
than it was at 40°, but not as great as it was at 24°, before submission 
to the higher temperature. Thus, the inactivation of R at high tem- 
perature can be partially reversed. The detailed study of inactiva- 
tion of R by high temperatures leads to the following conclusions: 

(1) The irreversible inactivation of R begins (luitc sharply at a criti- 
cal temperature of about 37.5°, and the rate of irreversible inactiva- 
tion increases very rapidly within the range of the next few degrees. 
The temperature coefficient of this process at about 38°-39°, expressed 
as a Qio value, is of the order of several thousand. 

(2) Another critical temperature exists at about 41°, for, at or 
above this temperature, completely ii-reversible inactivation of R oc- 
curs very quickly, i.e., in a few minutes. 

The general variation of R with temperature is similar to that 
characteristic of temperature effects on enzyme behavior. Therefore, 
it is inferred that the LR is an expression of the action of an enzyme. 
Furthermore, the two critical temperatures for the inactivation of R, 
one at 37.5°, the otlicr at about 41°, are, respectively, essentially the 
same as those at which Mirsky (1937) has demonstrated the occur- 
rence of primary and secondary heat denaturation of extracted frog 
myosin, and the high Qio for the LR inactivation at 38-39° C. is com- 
parable to that of the order of one thousand found by Mirsky at a 
similar temperature range for the primary denaturation process. The 
thermal features of the inactivation of the LR and the* denaturation of 
myosin are so similar that we therefore conclude the LR is determined 
by some action of myosin. Since tlicsc generalizations concerning tlie 
significance of the temperature variations in R indicate that, on the 
one hand, the LR represents an enzyme action, and, on the other, a 
property of myosin, it is reasonable to infer that tlic LR is an indica- 
tion of myosin acting in close association with some enzyme. This 
\'iew is given more definite fonn by the inference, derived by analysis 
of the effect of pH, that the hydrolysis of ATP, the substrate of myosin- 

• Some preliminary studies of the variation in the magnitude of the action poten- 
tial of the frog sartorius, over the same range of temperature, show that this quan- 
tity rises in value up to about 20® C., then falls to a minimum at about 24-25®, then 
rises again to a new maximum around 35®, and finally, at still highef temperatures, 
falls until, at about 41®, it is practically zero. This behavior is different from that 
of R. Thus, these results add further support to the previously drawn conclusion 
that the LR has its source in a different system from that which produces the ac- 
tion potential. 
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ATPase, is occurring during the LR phase of the latent period. Hence, 
the general picture obtained from these considerations is that the 
latent period, or more specifically the LR part of this period, is a time 
interval during which at least the very initial phase of the coupling 
between myosin-ATPase and ATP takes place. Furthermore, it is 
supposed that, as a result of this coupling, ATP is immediately split, 
and the energy so released is used to activate myosin directly for con- 
traction. This scheme is, thus, a form of activity energization. 

A THEORY OF MECHANO-CHEMICAL COUPLING 

The question that now arises concerns the detailed nature of the 
mechano-chemical coupling of myosin-ATPase and ATP, and its re- 
lation to the general sequence of mechanical changes in contracting 
muscle. The following theory, which has appeared in a preliminary 
form (Sandow, 1946a), is proposed to account for these events. 

The central feature of the theory is an assumed cycle of transforma- 
tions of myosin-ATPase, M, as follows: 

Stimulus Excitatory Process ->■ Myosin-ATPase Activator 

h 

M + A >■ Mj. 

h 

Ma + ATP »■ Ma-A TP (I) 

Ma-ATP > Me + ADP 4- P 

h 

Mc + ? >M + ? 

It is supposed that the essential function of the stimulus is to lead, by 
means of the excitatory process, to the formation of an activator for 
the myosin-ATPase system. Little is known of this process in live 
muscle, although various experiments with myosin extracts (Bailey, 
1942; Szent-Gyorgyi, 1946; Brown, 1946) suggest that probably the 
activator is Ca'*'^ or K+. At any rate, it is presumed tiiat time is re- 
quired for the release of tlie activator before combination with myosin 
can occur, and it is our hypothesis that the time interval Lk in our rec- 
ords represents this delay. 

The first reaction involving myosin-ATPase, M, now takes place in 
the form of a combination with the activator A, thus forming Ma. 
The second myosin reaction is the production of an enzyme-substrate 
complex between Ma and ATP, forming Ma-ATP which we assume to 
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be the state of myosin responsible for the mechanical change observed 
in the latency relaxation. In support of this view, or at least of the 
conception that a myosin-ATP interaction is associated with an elonga- 
tion of the myosin, we note the following. 

Engelhardt (1941, 1942), it will be recalled, in addition to demon- 
strating that myosin extracts have ATPasc activity, also reported that 
his artificially spun myosin fibers undergo an increase in extensibility 
specifically in the act of splitting ATP. This strongly suggests that 
the energy transfer from ATP to myosin in live muscle is a function 
of the enzymatic activity connected with a relaxation phenomenon. 
Hence, Engelhardt suggested that the interaction of myosin and ATP 
in the intact muscle occurred during the post-contractile relaxation. 
However, he was evidently unaware of the existence of the precon- 
tractile latency relaxation, and, if muscular relaxation is an in vivo 
sign of the interaction of myosin and ATP, then this reaction may be 
going on at the time of the LR. At any rate, in view of the experi- 
mental evidence already presented indicating ATP breakdown cata- 
lyzed by myosin-ATPase during the latent period, that is the assump- 
tion made here. 

Our assumption goes further, however, for we suppose that it is the 
enzyme-substrate phase of the interaction of myosin and ATP that is 
indicated by the LR. This, of course, is an inference. It is based on 
the view that Michaelis’ conception of enzyme action holds for myosin- 
ATPase, and that the formation of the intermediary complex follows 
the activation of the enzyme. But it is not clear, in detail, how our 
hypothesis may be harmonized with Engelhardt ^s observation of the 
increase in extensibility of myosin fibers under ATP action, for these 
fibers, although splitting ATP, presumably retained their greater ex- 
tensibility, and certainly did not contract. This limitation in the be- 
havior of Engclhardt’s fiber may be due to the operations required to 
extract myosin and form it into threads. Our assumption is, further- 
more, in direct contradiction to the view of the Needham group^s work 
(Dainty et al, 1944), which led to the inference that contracting 
myosin is represented by the Ma-ATP combination. This work, how- 
ever, was performed on myosin micellae in solution, and, as the Need- 
ham paper states, “It must be remembered that, in vitro, the contrac- 
tion of the myosin particles does no work, and the conditions are 
therefore very different from those in vivo” In fact, energy from 
some source is being transformed by the contracting muscle, partly 
into the heat liberated concurrently with tension rise in the contrac- 
tion period, and partly into the mechanical potential energy of the ten- 
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sion itself. It is (lifficiilt 1o reconcile these energy transformations 
with the Nccclham view that an onzynic-suhslrate combination is as- 
sociated with the contraction period. For, if the ATP, the source of 
the energy, is still in combination with its enzyme, then the energy of 
its first phosphate bond is not yet available for release into other parts 
of the system. Furthermore, the mechanical effect of ATP on Engcl- 
hardt^s fibers is different from that on Needham^s micellae, for the 
former merely arc more extensible, while the latter seem to contract 
and then relax. Probably, in live muscle, a synthesis of these myosin 
mechanical changes occurs; i.e., the LR corresponds to the elongation 
of Engelhardt^s fibers, and the subsequent contraction and relaxation 
are equivalent to the shortening and then lengthening of the Needham 
micellae. The evidence for the assumption that the LR representing 
the enzymatic intermediary is thus not unequivocal. Nevertheless, 
we arc adopting it as a working hypothesis. Since the Ma-ATP com- 
plex is assumed to be a relaxed form of myosin, it will be symbolized 
by Mr. 

The third reaction in the chain is now assumed to be Ma-ATP -»• 
Me + ADP H- P, where P is phosphate, ADP adenosinediphosphate, 
and Mo, myosin under contraction and energized for this activity by 
the absorption of the energy released by the splitting off of the first 
phosphate of ATP. Probably Mo is another enzyme-substrate com- 
plex, now of Mo and ADP. 

The final reaction is Mr -> M and, mechanically, this brings about 
the post-contractile relaxation of the myosin. This process may be 
connected to some reaction involving ADP, but the evidence presented 
here gives no indication what this may be. See, however, the Intro- 
duction (p. 667) for further discussion of this point. 

We now have for the cycle of myosin transformations in our scheme, 
the following reaction chain: 

JCi JCi A/3 ^4 

M > Ma > Mr -> Me > M (!') 

It is assumed that, to a first approximation, the individual reactions 
are all first order, the various fc's representing the velocity constants. 
Let us indicate the concentrations of the various myosins by corre- 
sponding small m% and use a rational system of concentration units, 
such that, with the muscle at rest, m = 1. Since it requires a stimu- 
lus to sot the reaction chain (!') going, in the absence of a stimulus, 
i.e., in the muscle at rest, myosin only exists as M. Hence, the initial 
conditions for the reaction chain arc: 

m = 1, = m/e = mcf = 0 


(II) 
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It is interesting to note that the kinetic system represented by the 
reaction chain (I') and the initial conditions (II) are formally aiTnilar 
to a kinetic basis for the course of tension output suggested on quite 
different grounds by Schoepfle and Gilson (1945) , and Gilson, Schoepfle, 
and Walker (1947). 

The solutions of the kinetic system (I') giving the various m’s as a 
function of the time are well known. It is not necessary to list the 
solutions here; it is sufficient merely to state that, in general, each 
function for a particular m includes a sum of exponential terms whose 
exponents involve the k’a and whose coefficients are functions of the k’a. 
Thus, in general: 

If 

niN = ( 1 ) 

1-1 

where, N represents the number of the product in the chain (!') : 
mi = m, ma = iua, mz = m®, etc. . . . 

j _ kjcz 1 

CJVI - , 

kjct 1 

~ (h -h)ikz-h) {ktf - h) ’ 

etc 

The assumption is now made that the tension, T, at any instant, is 
given by some function of the instantaneous concentrations of Ms, 
which will introduce a negative tension change, and Mo, which will 
cause a positive change. The simplest form of this assumption is that, 
numerically, 

T = me — a/mn ( 2 ) 

The constant, o, may be designated as the tension coefficient of m* 
and refers to the view that, while a unit concentration of Mo generates 
a unit of positive tension, this is not true for the negative tension asso- 
ciated with Ms. Indeed, it will be shown later that a must be much 
less than unity. 

To obtain numerical values of T from equation 2, it is obvious that 
we must have the fc’s numerically evaluated, and this should be done, 
where possible, not arbitrarily in a process of curve-fitting, but on an 
independent, experimental basis. To this problem, we shall now turn. 

There seems, at present, to be no clear experimental basis for evalu- 
ating fci. The reaction, M Ma, however, must be a very rapid 
process, since it is contained probably only in the first millisecond or 
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SO of the latent period. Hence, somewhat arbitrarily, fci has been as- 
signed the rather large value of 500 sec."^. 

A rather definite basis for determining k 2 may be found if it be as- • 
sumed that the formation of Ma-ATP, j.e., Mr, be the chemical reac- 
tion underlying Brown’s alpha process. According to Brown (1941), 
several lines of work indicate that, very soon after stimulation, i.e., 
in about 0.1 of the contraction period, this process, which is intimately 
related to the activation of contraction, reaches a peak and then falls 
rapidly, exponentially, so that it has practically ended at the peak of 
contraction. Now, there are several reasons for assumi ng that the 
alpha-process may be represented by the LR, and thus according to 
our scheme by the course of Mr. First, the experimentally determined 
time of greatest activity connected with the alpha-process is coinci- 
dent with the development of the LR. Second, Brown (1946) infers 
that the material of importance in determining the alpha process is a 
complex of myosin-ATPase, ATP, and Ca"^, i.e., essentially the same 
activated enzyme-substrate combination that we assume for myosin 
in the LR. And, third, this complex is formed with a reduction in 
molecular volume (Brown and Lawler, 1946), which, in the muscle, 
might be accompanied by an LR elongation of the myosin fibers, in 
view of the anisodiametric length changes believed to occur in myosin 
micellae with changes in volume.* That is, since the protein micellae 
of muscle are supposed to shorten upon swelling, they would be ex- 
pected to lengthen when their volume is reduced. Thus, there exists a 
good basis for evaluating k 2 in terms of the kinetics of the alpha- 
process. On this basis, kz has been set at 200 sec.~^. 

The value of fcj has been determined on the following basis. Ref- 
erence to the sequence of reactions (F) indicates that, if fc* = 0, that 
is, if the post-contractile relaxation reaction is stopped, all the myosin, 
as time goes on, will end up in the form of Mo, thus producing a con- 
dition for the maximum tension output of which the theoretical system 
is capable: i.e., the system behaves in a manner corresponding to the 
production of maximum tension output of a muscle in a tetanus. We 
now assume that the contribution of may be neglected in the ap- 
proximate determination of the course of the rise of tetanus tension, 
this being justified on the basis of preliminary calculations which show 
that a, the coefficient of ms, is small (of the order of a few hundredths) , 

• These considerations, although theoretical, suggest a possible mechanism for 
the production of the LR which is connected to the physiological behavior of the 
muscle. The previously mentioned results concerned with temperature similarly 
point to a physiological basis for the LR. To the extent that such analyses are 
valid, they help in further strengthening the physiological interpretation of the LR. 
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and that mR will itself be rather small in the latter part of the interval 
during which the tetanus is (levcloi>ing. In addition, to further sim- 
plify the procedure, we neglect in the equation for the tetanus the 
terms having the exponentials f-'*' and since, at the relatively 
large times that apply to the tetanus-rise, the values of the exponen- 
tials are so small. Thus, under these conditions, equation 2 reduces 
to T = 1 — [fcifcj/tfci — J (*2 — fcj Now, by substituting 

trial values for in this equation (fci and being known), a value 
of fed is found that gives a theoretical curve showing a reasonable fit 
to typical experimental tetanus curves. Thus, a rounded average value 
of ki for frog skeletal muscle at about 25° C. has been found to be 
45 sec.“^, and this is adopted in the present work. 

The evaluation of fci is carried out by a somewhat similar method. 
It is now supposed that the system corresponding to (I') has been 
placed into a state of full tetanus and stimulation stopped. This re- 
moves the inhibitory influence that, during tetanus, had prevented the 
relaxation reaction and thus, now. Mo -> M proceeds. Relaxation in 
the actual muscle will not begin at the instant the stimulation has 
stopped, how’ever, since it is reasonable to suppose that the inhibitory 
reaction products formed by the previous chemical transformations 
will have accumulated during the tetanus and will not disappear in- 
stantaneously. Thus, the relaxation from the plateau of a tetanus 
will begin some time after cessation of stimulation, and, furthermore, 
its onset will be gradual, so that the curve for relaxation will be sig- 
moid. However, the theory indicates that very soon after stimulation 
stops, the relaxation will be dominated by the simple reaction Mo -> 
M, and thus the curve for the formation of M will be represented by 
the function How closely this is so, in an actual case, is indi- 

cated in FIGURE 6, for wdiich fc* = 33. Hence, analyses of such relaxa- 
tion curves should give the value of fci. It now appears that the value 
of ki so determined is frequently veiy near to that of A;,. Thus, the 
chemical changes characterized by fc, and ki seem to be kinetically 
similar and this may be helpful in determining the reaction actually 
involved in the post-contractile relaxation period. At any rate, again 
choosing a rounded average value, ki has been set at 40 sec."^. 

It is now necessary to determine the value of a, the tension coeflS- 
cient of Mr. This may be done by taking advantage of the fact that, 
after the LR phase has been completed, the rising tension curve must 
pass through the zero base line in the course of developing the full- 
blown contraction. Thus, IT = 0 at a value of t corresponding to Li 
(see FIGURE 1). How^ever, the theory, in its mathematical formula- 
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Figuri 6 Compttii'-on of pxi)(‘juiu‘ii1al irsumriiic ni'voginin foi thp roloxation penod of a tetanus 
and the thtHjioiical valuer ddeiniiiiod Ixoni the lelulion T ~ The /do oi the time axis ib a 
theoietuttlly extiapolaled point. T lepiesmts lolutivo ten->ioii values 

tion, does not take into account the events from the instant of stimu- 
lation to the beginning of the LR, and this, analytically, means that the 
zero of time is shifted from the instant of stimulation to the moment 
at which the LR is initiated. With this in mind, we note that a typ- 
ical experimental value of the time at whicli T = 0, is 2.20 ms. Hence, 
using the general eciuation for the twitch tension course, we have 
T = 0 — f (fci, k,, fc,, fci, a, t), and all the parameters of this func- 
tion are known, except a. This equation may be easily solved for a, 
and its value so determined is 0.0403. Since the values for the con- 
stants that enter into the equations for the tension changes are all 
known, it is now possible to calculate numerically the variation of 
tension with time under a variety of conditions, and to compare the 
resultant curves with those obtained under corresponding experimental 
conditions. 

I shall first deal with the twitch, subdividing the discussion into two 
parts: LR and then the rest of the twitch. In fiothe 7, note first the 
equation for the twitch tension course. This covers the complete twitch, 
i.e., it includes the LR, the contraction, and the post-contractile relaxa- 
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a = 0.0403 » 

Fiduiug 7. Experimental and theoietical LR curves. The theoretioal curve is calculated from 
the expression for 2* which represents the entire twitch mechanoRram detennmed with kt = 600 
sec."i, fca == 200 sec.”i, fts = 45 sec.”S ** 40 sec."i, and a » 0.0403. Maximum tetanus tension 

= 1. The zero of time is the instant at which the LR b^ins. The instant of stimulation is at 
about — 1.2 ms, 

tion periods. In the graph are compared the theoretical and the ex- 
perimental LR curves. The experimental curve is a typical response 
obtained through stimulation by means of Brown’s massive electrodes. 
The depth of this LR has been set at a value of 1/1000 the peak 
tetanus tension, this being a rounded experimental average. The 
dashed line is the theoretical LR curve which has been scaled to the 
experimental curve only by making the tension equal to zero at 2.2 
ms., as has already been indicated in connection with the analjrtical 
procedure used for obtaining the value of the constant a. 

It will be noted that the theoretical LR curve is a fair approximation 
to the experimental. Although the down limb of the theoretical curve 
is ahead of the actual curve, it has essentially the same sigmoid shape, 
and its depth is only sli^tly greater than that found in experiment. 
The rising phases of the two curves are practically identical. 
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Figure 8 is concerned with the main periods of the twitch, the solid 
line representing the theoretical twitch course. This curve cannot 
show the LR phase, since the latency events are so short in time and 
so minute in tension change. However, the twitch curve on the pres- 
ent scale does indicate a definite latent period, as in actual twitches. 
The general time course of the theoretical twitch is quite like that of 
the actual isometric myogram of frog skeletal muscle at room tem- 
perature for which the various constants have been chosen. This is 
seen in the following respects: (1) the time of greatest rate of tension 
rise at about 10 ms.; (2) the time of peak tension at about 35 ms.; 
and (3) the time to end of the twitch at about 150 ms. Furthermore, 
the peak tension output is rather correctly given, at least for the frog 
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Fioxtrb 8. Experimental and theoretical twitch curves. Refer to text for further explanation. 
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sartorius. The average of many experiments in my laboratory shows 
that the ratio of twitch to tetanus tension is about 0.39. It will be 
noted that the theoretical value for this ratio is 0.37, in quite good 
agreement with experiment. 

It is now of interest to see how closely the theoretical twitch myo- 
gram fits particular experimental cuiwcs. The solid circular dots con- 
form to a sartorius twitch at 0.6° C. obtained by Brown. This curve 
has been scaled to the theoretical curve for height and time at the 
peak point, and it is evident that, with these adjustments, the agree- 
ment between theory and experiment is quite good. The open triangles 
and squares represent other twitches, as indicated in the legend of the 
graph, which have been scaled only as to magnitude at peak. Although 
the theoretical curve agi-ees with the actual for the contraction period, 
the divergence is large in the relaxation periods. The calculated 
curve, however, occupies a median position with respect to these two 
recorded myograms. Furthermore, these relaxation divergences are 
much less pronounced when the experimental points, as shown by the 
solid triangles and squares, are scaled to the theoretical curve by 
equalizing the times at tension of about 0.1 unit. Thus, generally, and 
for particular twitches, also in terms of proper scaling, the theoretical 
twitch is a fairly good approximation to the experimental. 

We will now study the tetanus. Relaxation from the full plateau 
of a tetanus has already been considered in connection with the pro- 
cedure for evaluating (see figujre 6), and it will be recalled that the 
experimental curve, except for the brief initial sigmoid part, is quite 
exactly fitted by the theoretical curve, the equation for which is given 
simply by e“^ 4 *. Figure 9 illustrates the degree of agreement for the 
rising phase of the tetanus, the solid line representing the behavior of 
a sartorius at room temperature in one of our own myograms. The 
agreement is not as good as desired, but the general course is like that 
found in experiment. It should be noted, furthermore, that the theo- 
retical equation for the rise of tetanus tension includes an initial LR 
phase quite like that already demonstrated for twitch. Thus, this 
curve agrees with the actual LR found associated with the first twitch- 
like response that initiates the tetanus. 

The general agreement that has been demonstrated between the 
various theoretical predictions and their experimental counterparts 
suggests that the fundamental assumptions of the theory are, in some 
measure, essentially correct. This view applies most directly to the 
following fundamental hypotheses: (1) that, during a twitch response, 
the contractile material — ^myosin, or some complex involving this pro- 
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Figurii. 9 Expciimental and theoratical ouiveb for iise of tetanus tension. 


tein — goes through a series of changes outlined by the reaction chain 
(!') which includes four consecutive, approximately first-order reac- 
tions; (2) that the tension output as a function of the time is repre- 
sented by the equation T = — arriR; and (3) that the velocity con- 

stants for the basic reactions may be obtained by the methods pre- 
viously described. Clearly, even if the reaction chain (!') be ac- 
cepted as true, the particular chemical reactions that have been as- 
signed to the various transformations of the contractile material may 
not apply at all. Other chemical changes are quite possible, despite 
the experimental evidence we have adduced in support of the special 
role attributed to the interaction between myosin and ATP. For ex- 
ample, it may be that this enzymatic transformation occurs in the 
form of recovery energization of the myosin, instead of the activity 
energization our present experimental results suggest. Evidence sup- 
porting one or another type of recovery energization is given in several 
other papers of this conference by Ramsey (1947), Shen (1947), and 
Steinbach (1947), and specially pertinent in this respect is the specu- 
lation of Szent-Gybrgyi (1946). However, Brown's (1946) contribu- 
tion to this conference favors activity energization, and his concep- 
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tion is, in some detail, in agreement with ours. Further discussion of 
the general point at issue will be found in Sandow (1945a) . 

Since none of the above references discuss Binkley’s theory of me- 
chano-chemical coupling — a form of recovery energization — brief con- 
sideration will be given to it here. Binkley (1946) hypothesizes that 
myosin at rest is a relatively elongated fiber containing neighboring 
sulfhydryl and phosphoiylated hydroxyamino acid side chains. Upon 
stimulation, contraction results from the condensation of these side 
chains by the formation of a thio-ether linkage between them and 
the concurrent splitting-off of phosphate, w'hich releases energy for 
contraction. Relaxation then occurs in consequence of the reaction of 
the shortened myosin with ATP which, acting at the thio-ether linkage,, 
splits this bond and, by giving up its first phosphate, restores the orig- 
inal relaxed and energized myosin through reformation of the sulf- 
hydryl and phosphorylated side chains. This scheme has the merit of 
presenting a definite sequence of chemical reactions, speculative though 
they be, to account for the mechanical behavior of myosin within the 
general framework of a recovery energization hypothesis. The theory, 
however, is fundamentally at fault when certain of its details are ex- 
amined in terms of present knowledge. Thus, the assumption that 
myosin at rest is phosphorylated is not in agreement with current evi- 
dence. Furthermore, if it nevertheless be assumed that phosphory- 
lated groups do exist in relaxed myosin, it is noteworthy that the par- 
ticular group that enters into Binkley’s mechanism is of the low-energy 
type. Hence, when this is formed, by interaction of ATP with the 
thio-ether linkage supposed to exist in contracted myosin, a loss of 
some 7000 cal. per mol ATP must be accounted for during the re- 
laxation period of a contraction. Although there is heat liberated 
during relaxation, it does not seem likely that this heat is large enough 
to account for the large energy loss predicted by Binkley’s theory, and, 
in any case, this heat has been accounted for on other grounds in both 
isotonic (Hill, 1938) and isometric (Fenn, 1946) contractions. Finally, 
it is significant that Binkley’s scheme depends on the reactivity of 
— SH groups. Now, iodoacetate is known to inactivate such groups, 
yet an lAA-poisoned muscle contracts and relaxes, initially, quite nor- 
mally, in contradiction to the expectation based on Binkley’s mecha- 
nism. This criticism may be invalidated by the finding of Singer and 
Barron (1944) that iodoacetamide does not inhibit the enzymatic 
activity of myosin ATPase. However, in view of the above difficul- 
ties, it would seem that Binkley’s theory is not an adequate basis for 
the energization of muscular activity. 
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Generally speaking, present evidence is thus indecisive regarding 
the question of activity versus recovery energization of myosin. Such 
success as our theory of mechano-chemical coupling achieves, does not 
necessarily validate our own assumption of an activity energization; 
this must be settled, in the final analysis, by relevant experimental data. 

Quite apart from the uncertainty characterizing our hypothesis of 
activity energization, criticism of the theory we propose may be made 
on other grounds. For example, we have not taken into account the 
role of muscular viscous forces or the mechanical characteristics of 
the recording lever system in determining the shape of the mechanical 
response. These factors, however, may be of only second-order im- 
portance. A more serious criticism may be directed against the spe- 
cial manner in which the theory relates the twitch to the tetanus form 
of the mechanical change. For, despite the existing evidence that each 
stimulus in a tetanus releases additional contractile material, our 
mechanism involves a process in which the first stimulus makes po- 
tentially available all the material for development of a tetanic re- 
sponse, and the function of the successive intratetanic stimuli is, then, 
to suppress the relaxation reaction. 

It is obvious that only further experimental evidence and, possibly, 
further extension of the theory can resolve this contradiction. Indeed, 
much experimentation is still needed to establish the many assump- 
tions that underlie the theory, such as those, for example, concerning 
the chemical nature, and the time constants, of the reactions which 
release the activator for myosin-ATPase and account for the combi- 
nation of these substances. For the future, also, must be left an at- 
tempt to coordinate the theory with the work of the Szent-Gyorgyi 
group. The present theory may not withstand the impact of new 
data, and it may thus be relegated to the limbo already rich with previ- 
ously discarded theories of contraction. In any case, it will have 
served a useful purpose if it is helpful in suggesting new experimental 
approaches to the solution of the problem of muscular contraction. 
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Plate 8 

a. Typic<i>l oscillographic record of a latent period response of a frog sartonus 
muscle. The timing modulation is 10,000 cycles/sec. The light bands at the 
upper right measure the initial and peak developed tension of the contraction. 
The inset indicates the symbols of the measured latency vaiiables. See text 
for further explanation. 

b. Transversely recorded latency response from Schoepfle 8s Gilsoa See text 
for e^lanation. 

c. Transversely recorded latency response from a frog sartonus. Pickup stylus 
is the cathode, 10,000 cyclea/sec. timing wave. Light band at light indicates imtial 
and contraction transverse tension. 
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Plate 9 

Representative oscillographic lecords of displacement of the upper end of a 
frog sartorius muscle in response to a suddenly applied downward pull applied 
to the lower end, 10,000 cycles/sec. timing wave. Records A through E cone- 
spond to progressively slower rates of pull. Record F legisters the effect of the 
fastest rate of pull when applied directly to the stylus of the pickup. 





